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Abstract
This study compares the effect of uniaxial monotonic loading and cyclic loading-unloading
in tension on the localised B2 (austenite)→B19′ (martensite) phase transformation and mechanical
behaviour of a cold-drawn and solution-treated 56Ni-44Ti wt.% shape memory alloy. It also
elucidates the grain size effect under these loading conditions. In-situ techniques including digital
image correlation (DIC) and synchrotron X-ray diffraction were applied. In addition, the
microstructure before and after mechanical testing was studied via optical microscopy, electron
back-scattering diffraction and transmission electron microscopy.
In the case of uniaxial monotonic tension, phase transformation tends to initiate at the end of
the parallel gauge length. Within the macroscopic stress plateau region of macroscopic stress-strain
curve, spatially resolved diffraction data acquired along the sample gauge length at strains of interest
follows the evolution of transformation band, apparently transformed and untransformed regions.
The high strains in the propagating transformation band and apparently transformed region result in
the apparent relaxation of the B2 phase in the untransformed region. The newly formed B19′ grain
families record a transition in relative lattice strain values through the transformation band. The
〈111〉B2 fibre texture transforms to the [1̅ 20]B19′ , [1̅ 30]B19′ and [010]B19′ such that the latter fibres
continue to record increases in maximum intensity up to the maximum load. Loading into the slowly
rising macroscopic stress region and beyond a critical stress value of ~426 MPa results in: (i)
deviation from linearity in the relative lattice strains of the (12̅ 0)B19′ (axial) and (020)B19′
(transverse) grain families and (ii) noticeable reduction in the anisotropy in crystallite size and
micro-strains in all B19′ grain families.
In the case of cyclic loading-unloading with 0.005 strain increment per cycle, the most
recently formed transformation bands transform back more than the bands that formed earlier; with
the latter experiencing greater cycles and accumulating higher residual strains. Upon subsequent
loading, these retained bands first accommodate the incremental strains before the new bands occur
and propagate to the untransformed region. Increasing the number of cycles and applied strain result
in a greater non-linearity and changes to the shape of the macroscopic stress-strain curves from
plateau type to curvilinear elastic. This is also reflected by the diffraction data obtained from the
mixture of the B2 and B19′ phases (at the centre of the gauge length): load bearing and plastic strain
in the remained B2 grains gradually approaches saturation at early cycles; whereas plastic strain in
the B19′ phase is enhanced in a cycle-to-cycle manner. The lattice strains of the B2 grains and
different B19′ grain families result from: (i) the transformation along the gauge length and (ii) the
transformation strain, the continued load bearing by both phases, and the strain-continuity
maintained at/near the B2-B19′ interfaces. The initial 〈111〉B2 fibre texture transforms to [1̅ 20]B19′ ,
[1̅ 30]B19′ and [1̅ 50]B19′ /[010]B19′ texture components. Further cycling and increasing applied strain
result in the development of components such as [130]B19′ , [1̅ 02]B19′ , [102]B19′ , [1̅ 00]B19′ and
[100]B19′ .
From DIC strain contours, the widening of a single inclined transformation band upon
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uniaxial monotonic tension and the criss-crossing patterns of transformation bands upon cyclic
loading-unloading in tension relieve the asymmetric in-plane moment caused by local shear strains
and assist in straightening the sample edges during testing. The maximum local axial strain rate per
time step was extracted and its evolution throughout two types of testing was studied. It is confirmed
that the magnitude of the maximum local axial strain rate can signify the direction and extent of the
localised transformation. Specifically, the changes to the maximum local strain rate during uniaxial
monotonic tension are generally analogous to the stages in the macroscopic stress-strain curve.
Smaller grain sizes (10 µm vs 100 µm) correspond to higher interfacial energy and higher
elastic strain energy barrier for transformation, and smaller intragranular heterogeneity of plastic
deformation. This corresponds to the increases in the transformation start stress, stress level and
stress-strain slope within the macroscopic stress plateau region and smaller complete plateau strain,
super-elastic and residual strains upon unloading. In addition, the kernel average misorientation
maps after mechanical testing indicate lower intragranular local misorientation in the B2 and
remnant B19′ phases in smaller grain size condition.
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Chapter 1
Introduction
1.1 Motivation
NiTi shape memory alloys have been largely used in the fields such as automotive, aerospace,
biomedical, actuators and civil engineering (Table 1.1). They can recover their original shape after
applying up to ~0.01-0.12 engineering strains, by heating (shape memory effect) or simply by
unloading (superelasticity) [1-6]. These unique properties are realised by the reversible solid-solid
transformation between the primitive cubic B2 and the monoclinic B19′ phases [4, 7-9].

Table 1.1. Examples of applications of NiTi alloys [1].
Application field

Specified field

Examples of objects

Cardiovascular

Simon Filter; Self-expanding Stent

Orthopaedic

Shape memory plates and screw

Orthodontic

Palatal arches; Orthodontic distractor

Space and

Aerospace

Fixed wing; Inlet Cowl

aerospace

Space craft

Shock-absorber; Vibration isolator/damper

Constrained recovery

Connector; Sealing and clamping component

Actuator

Compression wire, tension spring; Safety valve

Civil engineering

Vibration absorber

Shape memory energy absorbers

Electrical

Electric power industry

Electrical circuit component

Medical

Industrial

With regard to superelastic NiTi alloys and from the experimental point of view, the majority
of mechanical tests have focused on thin wires, strips and tubes due to processing techniques (rolling,
extrusion, drawing) and associated cost compared to the large diameter cold-drawn NiTi bars [1, 10,
11]. In consideration of the use as vibration controls and seismic isolations in construction industry,
the larger capacity of NiTi bars than that of thin wires and sheets will be needed. It is uncertain how
the microstructure and mechanical properties evolve in the large diameter polycrystalline NiTi rods
that are essential in civil, aerospace and construction fields.
Mechanical testing involving uniaxial monotonic tension and fatigue performance
assessments is widely undertaken together with various in-situ characterisation techniques such as
digital image correlation (for measuring local strain and strain rate fields and studying the patterns
of the transformation band(s) at specific loading stages) [3, 12-16] and X-ray and
synchrotron/neutron diffraction (for evaluating phase fractions and, lattice strains, peak width,
crystallite size, non-uniform micro-strain of individual grain families and phase stress) [4, 17-22],
in order to study the macro- and micro-mechanical behaviours under various load paths. Since the
diffraction measurements were typically performed solely at the centre of the sample gauge length,
the deformation behaviour/mechanisms associated with B19′ deformation (Table 1.2) have been
investigated as the diffraction data can reflect the sample bulk. On the other hand, the localised
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manner of the B2→B19′ phase transformation prevents meaningful in-situ diffraction during
continuous tensile loading (Table 1.2). These studies do not capture the initiation and
forward/reverse propagation of the phase transformation. Furthermore, such phase transformation
characteristic and the diffraction measurement configuration pose a challenge to study on loadingunloading cycles with strain increments per cycle, which accommodates repeated and partial
transformation. This type of loading is also essential from both research and application points of
view. Another issue lies in that research has emphasised on nanoscale grains due to the unique
thermal and mechanical properties in this grain size range; whereas coarse grains (ranging from 10
to 100 μm) have been studied by relatively fewer works.

Table 1.2. Deformation mechanisms of NiTi alloys under uniaxial monotonic tension [20, 21, 2326].
Initial state

Macro stress-strain curve

Deformation mechanisms

regions

Elasticity of self-accommodated B19′; early onset

Apparently elastic region

B19′ phase

of B19′ variant re-orientation and de-twinning
Variant re-orientation and de-twinning;

Stress plateau region

dislocation networks
Further re-orientation and de-twinning; new (201̅ )

Rapid strain hardening

and (100) twins and slip system activity

Slow work hardening

New (113) twins and dislocations

Apparently elastic region

Elasticity of the B2 phase; nucleation of B19′
B2→B19′ phase transformation; plastic

Stress plateau region
B2 phase

deformation of B2 and B19′
Continued transformation; elastic and plastic

Slowly rising stress region

deformation of the B19′ variants
Further re-orientation and de-twinning of the B19′

Rapid strain hardening

variants; dislocations

With the above concerns, this project selected a 56Ni-44Ti wt.% shape memory alloy in the
form of a 10 mm diameter rod with resulted from heat treatment grain sizes in the order of 10 µm
and 100 µm. The following objectives were established:
(i) To compare the effect of two types of load paths (i.e. - uniaxial monotonic and cyclic
loading-unloading in tension) on the B2→B19′ phase transformation and mechanical behaviour of
superelastic NiTi alloys.
(ii) To compare the B2→B19′ phase transformation and mechanical behaviour in two grain
size conditions under the above-mentioned load paths.
To achieve the above objectives, a combination of in-situ DIC and synchrotron X-ray
diffraction experiments were employed. In particular, the phase transformation was visualised in the
terms of (i) local axial strain rates and shear strains (by digital image correlation) and (ii) spatially
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resolved diffraction data acquired at strains within the macroscopic stress plateau region along the
gauge length (by synchrotron X-ray diffraction). Microstructure characterisation before and after
mechanical testing was undertaken using Electron Back-Scattering Diffraction (EBSD).

1.2 Overview of chapters 2 to 8
Chapter 2 introduces the following aspects of NiTi shape memory alloys: (i) shape memory
effect and superelasticity, (ii) fabrication and recrystallisation processes and, (iii) phase
transformation and mechanical behaviour of superelastic NiTi alloys under two types of load paths
(i.e. - uniaxial monotonic and cyclic loading-unloading in tension) coupled with in-situ digital image
correlation and synchrotron X-ray diffraction measurements, with an emphasis on grain size effect.
Chapter 3 illustrates the techniques that have been applied to study the stress-induced B2 to
B19′ transformation and mechanical properties of a 56Ni-44Ti wt.% shape memory alloy in two
grain size conditions. The description covers heat treatment processes, two types of mechanical tests
including uniaxial monotonic and cyclic loading-unloading with strain increments in tension,
coupled with in-situ techniques such as digital image correlation and synchrotron X-ray diffraction.
The microstructure characterisation techniques are also introduced.
Chapter 4 presents the microstructure (grain sizes, phase composition) of the as-received and
solution-treated samples via optical microscopy and transmission electron microscopy (TEM); and
plastic deformation and crystallographic texture of a local area of the solution-treated and deformed
bulk samples using electron back-scattering diffraction (EBSD).
Chapter 5 details a digital image correlation study on the localised B2→B19′ phase
transformation and superelasticity degradation in the 10 µm samples under the proposed types of
load paths. The evolution of transformation band(s) was analysed via axial/shear strains. The local
axial strain rate throughout testing was examined and the maximum local axial strain rate per time
step was explored. Residual strain upon unloading was evaluated via the kernel average
misorientation. The results were published in Materials Science and Engineering A, 726 (2018),
102-112.
Chapter 6 is a digital image correlation study on the 100 µm samples analogous to Chapter
5. In addition, the mechanical response and microstructure were compared for two grain size
conditions in terms of energy barrier for transformation. The results were published in the Journal
of Alloys and Compounds, 777 (2019), 723-735.
Chapter 7 details the localised B2→B19′ phase transformation in the 10 µm sample subjected
to uniaxial monotonic tension in a synchrotron. Spatially resolved diffraction data acquired along
the gauge length at strains of interest tracked localised transformation phenomena by sub-dividing
the gauge length into transformation band, untransformed and apparently transformed regions. The
micro-mechanical behaviours (phase fractions, phase stress and the lattice strains, peak width,
crystallite size, non-uniform micro-strain of individual B2 and B19′ grain families) and the evolution
of the B19′ texture were evaluated with respect to the macroscopic stress-strain curves. The results
were published in Materials Science and Engineering A, 743 (2019), 327-338.
Chapter 8 presents an in-situ synchrotron study on the partial and repeated B2↔B19′ phase
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transformation at the centre of the 10 µm sample gauge length with respect to the loading-unloading
cycles and increasing applied strains on the bulk sample. The micro-mechanical behaviour and the
evolution of the B19′ texture were detailed at characteristic deformation stages ((1) the middle and
(2) the end of the elastic region, (3) the end of the stress plateau region and (4) the unloaded state)
within and between the individual loading-unloading cycles. The results were submitted to the
Journal of Applied Crystallography (currently under review).
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Chapter 2
Literature Review
This chapter is a summary of the information available in the literature on superelastic NiTi
alloys including the basic concepts of shape memory effect, superelasticity and recrystallisation. It
describes in-situ digital image correlation and synchrotron X-ray diffraction studies on the phase
transformation and mechanical behaviour under uniaxial monotonic and cyclic loading-unloading
in tension and addresses the effect of grain size.

2.1 Shape memory alloys
The earliest report on shape memory alloys was in 1932, when Olander [27] first found
thermoelastic martensitic phase transformation in Au-Cd alloys; then the same phenomenon was
observed in Cu-Sn and Cu-Zn alloys [28]. However, this finding did not receive much attention until
Buehler et al. [28] (1962, at the Naval Ordinance Laboratory) discovered that an equiatomic
martensitic NiTi alloy recovered to the original shape of its parent phase via heating, which
demonstrated the shape memory effect. The alloy was named Nitinol in honour of the place where
the discovery was made. Since then, experimental and theoretical studies on the mechanical
properties and microstructure of shape memory alloys have been intensively undertaken. In addition
to shape memory effect, another unique behaviour, superelasticity, was realised. The latter occurs
when external stress induces martensitic transformation which can accommodate macroscopic
strains up to ~10% [4]; upon unloading, the martensitic phase transforms back to the original phase
and the alloy recovers the macroscopic strains [1, 7, 29-34].

2.1.1 NiTi shape memory alloys
Compared to other shape memory alloys, NiTi alloys have attracted much more attention due
to their high strength, large strain recovery, high energy dissipation through hysteresis, high
corrosion resistance and biocompatibility [1, 7, 12, 35]. The NiTi alloys can undergo a reversible
solid-state crystalline phase transformation realised by shear between a highly symmetric parent
phase (austenite in the form of ordered BCC superlattice, or B2 phase) and a lowly symmetric
product phase (martensite in the form of monoclinic distortion of a B19′ lattice). This transformation
is first-order, displacive and diffusionless [4, 7-9, 36-38]. Typical binary NiTi alloys have
transformation temperatures between 0 °C and 100 °C with a temperature hysteresis of 25-40 °C
[30]. For example, the 50.8Ni-49.2Ti at.% alloy with a B19′→B2 transformation finish temperature
of 8 °C has been intensively exploited in superelastic shape memory alloy components [30].

2.1.1.1 Phase diagram
Fig. 2.1 shows the Ni-Ti phase diagram [39]. Much attention has been paid to the central area
(red ellipsoid) that corresponds to a near equiatomic Ni-Ti composition range. This is because within
this range, NiTi alloys can undergo transformation that results in shape memory effect and
superelasticity [40]. In Fig. 2.1, the left boundary of the area of interest is nearly vertical whereas
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the right boundary is inclined between 630 and 1310 °C, indicating a noticeable solubility of Ni
atoms on the Ni-rich side. Below 630 °C, the NiTi phase area becomes very narrow and corresponds
to a composition range between 50.0 and 50.5 at.% Ni [37].

Figure 2.1. Ni-Ti phase diagram, adopted from Ref. [39].

2.1.1.2 Phases of NiTi alloys
Three phases exist in NiTi shape memory alloys (Fig. 2.2) [41]: austenite (B2), martensite
(B19′) and intermediate R phase. The B2 phase is in the ‘cesium chloride’ (CsCl) structure: each of
the two atom types constitutes a primitive cubic lattice, with an atom of the other type at the centre
of each cube. The unit cell of the B19′ phase has a monoclinic structure. The unit cell of the R phase
has a rhombohedral structure and the lattice parameters were studied using hexagonal indices for
convenience [42]. In the coordinate of the B2 lattice, the R phase is elongated by 0.94% in the
direction of [111]B2 [34]. The lattice parameters of these phases were studied and their dependencies
on composition, temperature and lattice defects (depending on deformation and heat treatment) were
discussed [43, 44]. Table 2.1 lists some of the reported results from the literature.

Figure 2.2. Schematics of observed structures of NiTi: B2 (left), R (middle) and B19′ (right). Ni
and Ti atoms are shown in grey and blue colours, respectively [39].
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Table 2.1. Lattice characteristics of the B2, R and B19′ phases of NiTi alloys from references.
Phase

a (nm)

b (nm)

c (nm)

β (°)

Space group

Note

B2

0.3015

0.3015

0.3015

90

Pm3̅ m

Philip et al. [45], Pelton et al. [46]

R

0.737

0.737

0.532

120

P3̅ 1m

Vatanayon et al. [36]

0.2889

0.4120

0.4622

96.8

P2/c

Otsuka et al. [47]

0.2902

0.4113

0.4656

97.9

Prokoshkin et al. [43]

0.2904

0.4121

0.4649

97.9

Prokoshkin et al. [44]

0.2883

0.4117

0.4623

96.8

P21/m

Hehmann and Sandrok [48]

0.2885

0.4120

0.4622

96.8

P21/m

Michal and Sinclair [49]

0.2898

0.4108

0.4646

97.78

P21/m

Kudoh et al. [50]

B19′

2.1.1.3 Phase transformation of NiTi alloys
For temperature-induced phase transformation, the B2 phase transforms to B19′ during
cooling (forward transformation); the start and finish temperatures are denoted as Ms and Mf ,
respectively. During heating, the B19′ phase transforms back to B2 (reverse transformation); the
start and finish temperatures are As and Af, correspondingly. The transformation is
crystallographically reversible and shows almost no macroscopic deformation. It is found
experimentally that the general relation among the four critical temperatures is Mf < Ms < As < Af
[41, 51, 52].
For stress-induced phase transformation, the B2→B19′ phase transformation is accompanied
by macroscopic deformation between temperatures Af and Md . Md is known as the martensite desist
temperature [53], above which the B2 phase is stable enough such that the B19′ cannot be
mechanically induced any more. The product B19′ is unstable within Af-Md region and transforms
reversely to B2 when the alloy is unloaded; the macroscopic deformation recovers accordingly.
The B2→B19′ phase transformation has been studied using Phenomenological Theory [8,
54, 55] and the Energy Minimisation Theory [8, 56, 57]. Fig. 2.3 illustrates the lattice change from
the B2 to B19′ phase [58]. In Fig. 2.3a, four elementary cells of the B2 lattice (thin lines) form a
tetragonal unit cell with parameters aB2 , bB2 = cB2 = √2aB2 that most closely corresponds to the
elementary cell of the B19′ lattice (heavy lines). This formation can be realised by “Bain distortion”
(Fig. 2.3b), during which the B19′ lattice is expanded along the c-axis whereas it is contracted along
other two directions, and β shows a change from 90°to 96.8°. There are 12 lattice correspondences
between B2 and B19′ (Table 2.2) [8, 55].
In addition to the one-step B2↔B19′ transformation, a two-step transformation of
B2↔R↔B19′ can be involved. Treatments such as alloying, thermal cycling and ageing facilitate
R phase formation [59-61]. R phase formation was previously treated as a pre-martensitic one, then
it was identified as an independent first order martensitic transformation: it progresses via nucleation
and growth, with surface relief and transformation hysteresis; the transformation strain is only
th

1⁄10 that of the B2→B19′ transformation. The transformation start and finish temperatures are
introduced as Rs and Rf (Mf < Ms < Rf < Rs < As < Af). R phase transformation results in: an increase
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in the electrical resistance, decreases in both Young’s modulus and shear modulus of the alloy, and
the appearance of 1⁄3 (110) and 1⁄3 (111) super lattice reflections on the reciprocal lattice of the
B2 phase [42].

(a)

(b)

Figure 2.3. Illustration of transformation from (a) B2 to (b) B19′, with x, y, z referring to B2
lattice and x′, y′, z′ referring to B19′ lattice [58].
Table 2.2. Lattice correspondence variants (LCVs) for the B2↔B19′ transformation [8, 55].
Basis of B19′ cell
LCVs

[100]B19′

[010]B19′

[001]B19′

1

[100]B2

[011]B2

[01̅ 1]B2

2

[1̅ 00]B2

[01̅ 1̅ ]B2

[01̅ 1]B2

3

[100]B2

[01̅ 1]B2

[01̅ 1̅ ]B2

4

[1̅ 00]B2

[011̅ ]B2

[01̅ 1̅ ]B2

5

[010]B2

[101]B2

[101̅ ]B2

6

[01̅ 0]B2

[1̅ 01̅ ]B2

[101̅ ]B2

7

[010]B2

[101̅ ]B2

[1̅ 01̅ ]B2

8

[01̅ 0]B2

[1̅ 01]B2

[1̅ 01̅ ]B2

9

[001]B2

[110]B2

[1̅ 10]B2

10

[001̅ ]B2

[1̅ 1̅ 0]B2

[1̅ 10]B2

11

[001]B2

[1̅ 10]B2

[1̅ 1̅ 0]B2

12

[001̅ ]B2

[11̅ 0]B2

[1̅ 1̅ 0]B2

2.1.2 Shape memory effect
Upon cooling, the B2 phase transforms to crystallographically equivalent B19′ variants that
have different orientations and strain directions. The elastic strain along the B2-B19′ interface
increases with the growth of the already existed B19′ variants as well as newly formed B19′ variants.
When transformation resistance, such as the elastic strain energy and coherent interface energy,
reaches the chemical driving force at a certain temperature, a thermoelastic equilibrium is
established and consequently, a progressive decrease in temperature is essential for such
transformation to proceed. The transformation continues as long as the resulted strain is within the
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elastic limit of the alloy; it completes as temperature decreases below Mf . Triangular B19′ variants
form in a self-accommodation mode via twinning (Fig. 2.4) [34, 55]. Without external stress,
transformation strain within each variant compensates for each other in order to minimise the
macroscopic change in the shape of the alloy. As the interface between B2 and B19′ is retained
elastic, B19′ variants shrink during reverse transformation. Therefore, this reversible transformation
is called thermoelastic martensitic transformation, i.e. - the volume fraction of the B19′ phase
depends on temperature.

Figure 2.4. Schematic of the three-variant coupled martensite morphology (left) and sub-micro
structure (right) [34, 55].

If an external stress is applied on the alloy that has experienced temperature-induced
B2→B19′ transformation, macroscopic deformation occurs via B19′ variant re-orientation: variant
with orientation close to that of external stress grows at the expense of the rest, decreasing the total
number of variants and producing a maximum strain along the external stress.
When the external stress is removed, the low symmetry and reduced number of B19′ variants
hinder the reverse transformation of the single-orientation B19′ variant. Upon heating above As , the
B19′ variant transforms back in accordance with the B2 crystallography. The B19′→B2
transformation completes when temperature reaches Af; accordingly, the B2 phase recovers to its
original crystallographic characteristics and the alloy returns to its original macroscopic shape, i.e.
- producing the shape memory effect (Fig. 2.5a).
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(a)

(b)

Figure 2.5. Schematic illustration of (a) shape memory effect and (b) superelasticity [62].
Characteristic deformation stages i to iv (see description in Section 2.3) are shown.

2.1.3 Superelasticity
The stress-induced B19′ variants from the B2 phase is determined by Schmid’s law [63].
Figs. 2.6a and 2.6b illustrate the transformation process according to Schmid’s law under tension
and compression, respectively. The shear stress (σSD) and the Schmid′s factor (S) are defined in Eq.
(2.1). As the critical stress for inducing B19′ variants is basically equal, variants with preferred
orientation towards deformation axis, i.e. - with a larger Schmid′s factor, are more readily induced.
Based on the 12 lattice correspondences between B2 and B19′ (Table 2.2), 24 B19′ variants can be
obtained [55].

(a)

(b)

Figure 2.6. Illustration of Schmid′s law under (a) tension and (b) compression. NDH and SD refer
to the normal direction of habit plane and shear direction, respectively; α and β refer to angles
between the direction of applied stress and NDH and SD, respectively.
σSD =

Fcosβ
F
= cos α∙ cos β = Sσ
⁄
A cosα
A

(2.1)

S = cos α ∙ cos β
Between temperatures Af and Md , superelastic NiTi alloys exhibit a large macroscopic strain
and corresponding deformation associated with the B2→B19′ (forward) transformation upon
loading, and the spontaneously macroscopic strain recovery due to reverse transformation upon
unloading (Fig. 2.5b). Such recoverable strain values can reach up to ~10% and are significantly
higher than those of classic metals or alloys [3, 38, 64]. While the majority of the macroscopic strain
are recoverable, there are sources contributing to unrecoverable strain, e.g., dislocation motion and
glide. The shape recovery ability is sensitive to factors such as temperature, annealing condition,
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grain size, stress mode, and microstructure (especially texture) [30]. The essence of producing shape
memory effect and superelasticity for NiTi alloys is crystallographic reversibility without slip [53].

2.1.4 Factors affecting phase transformation
It is shown that grain size affects transformation. For temperature-induced phase
transformation, the B2↔B19′ transformation is suppressed when grain size is less than 60 nm since
both the strain energy and the twin interfacial energy lead to an increased energy barrier for the
progressive formation of the B19′ phase. Consequently, the B2→R transformation causing smaller
transformation strains takes place within grain sizes ranging between 15 and 60 nm [65, 66]. No
thermally induced transformation occurs when grain size is less than 15 nm [65, 67, 68].
Ni content is another well-known factor. It is generally accepted that phase transformation
temperatures decrease roughly by 10 K with increasing Ni content by 0.1 at.% [69]. Frenzel et al.
[51] confirmed a linear relation between Ms and Ni content (Fig. 2.7). In this figure, two regions are
distinguished: (i) Region I corresponds to approximately constant Ms and the two-phase region in
Fig. 2.1, where Ti2 Ni and NiTi are in thermodynamic equilibrium. (ii) Region II corresponds to a
single phase. Ms decreases from 340 K at 50.0Ni at.% to 211 K at 51.0Ni at.%. The decrease is
linear with a slope of -83K/Ni at.% and is followed by a quicker non-linear decrease at higher Ni
contents.

Figure 2.7. Influence of the nominal Ni content on the measured MS [51].
For Ni-rich NiTi alloys, ageing introduces precipitation of TiNi3 from matrix through
diffusion-based process. Prior to TiNi3 precipitation, a metastable Ti3 Ni4 phase forms at
temperatures 300-600 °C but dissolves at ~600 °C or higher [10]. Precipitates assist the B2→B19′
transformation and hinder dislocation motion in the surrounding B2 matrix, improving
transformation reversibility and macroscopic recoverable strain [32, 70]. Thermal cycling induces
dislocations and corresponding stored energy increase in the B19′ phase, which decreases Ms [46]
(see section 2.2). Transformation temperatures can be lowered by large deformation at low
temperatures (higher than Md ); while they are seldom affected by deformation at recrystallisation
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temperatures. The mechanism of this phenomenon is related to work hardening and lattice defects,
which is explained in section 2.2.
For stress-induced transformation, there are two key conditions affecting superelasticity: (i)
the alloys are in B2 phase prior to deformation, i.e. - the applied temperature is between Af and Md
and, (ii) high yield strength of B2 phase is essential to prolong plastic deformation during stressinduced B2→B19′ transformation [9]. Therefore, factors such as Ni content and heat treatment that
influence transformation temperatures also affect superelasticity. It is reported that equiatomic and
Ni-rich NiTi alloys show superior superelasticity to alloys with less Ni content [71].
Stress-induced transformation can occur within all ranges of grain sizes, as evidenced by
hysteresis loops and reversible loading-unloading cycles [65]. It is shown that smaller grain sizes
lead to a higher grain boundary (or internal interface) fraction and result in a higher triggering stress
for transformation (transformation start stress) and a smaller hysteresis loop [72]. According to Ref.
[10], decreasing grain size and strengthening the B2 phase can improve superelasticity; while cast,
precipitate-free NiTi alloys with large grains have demonstrated inferior recovery strain as a result
of lacking hardening mechanism that can effectively prevent irreversible dislocation motion [73].
Khaleghi et al. [74] studied the effect of short-time annealing treatment on superelasticity of a colddrawn Ni-rich NiTi wire. It turned out that annealing at 700 °C for 3 s produces an ultra-fine grained
structure (nanoscale) and ideal superelastic properties. Increasing annealing time by only a few
seconds leads to grain growth which causes a sharp degradation in superelasticity.
Transformation behaviour is also strongly orientation (texture) dependent [75, 76]. Miyazaki
et al. [77] performed tensile test on single NiTi crystal and showed that the reversible strains along
[111]B2, [011]B2, and [001]B2 are 9.8%, 8.4% and 2.7%, respectively. Similar results were obtained
for polycrystalline NiTi alloys that show large reversible strains along 〈111〉 and 〈110〉 orientations
under tension and small recoverable strain along 〈111〉 orientation under compression [33].
Moreover, mechanical training (above Af) introduces dislocations, which raises the transformation
start stress and reduces the hysteresis area and thus improves superelasticity [78].

2.2 Fabrication, annealing and recrystallisation of NiTi alloys
2.2.1 Fabrication of NiTi alloys
The shape memory effect, superelastictiy, damping, impact absorbing, and thermomechanical properties of near equiatomic NiTi alloys are sensitive to the stoichiometry, thermalmechanical treatments and impurities [1, 30]. Details on manufacturing of NiTi alloys are referred
to Ref. [30] and a brief description is given in Table 2.3.
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Table 2.3. Manufacturing methods of NiTi alloys [30].
Vacuum Arc Remelting (VAR)
Casting

Vacuum Induction Melting (VIM)
Electron Beam Melting (EBM)
Conventional Sintering (CS)
Self-propagating High Temperature Synthesis
Conventional

(combustion) Synthesis (SHS)

Processes

Hot Isostatic Pressing (HIP)

Powder

Spark Plasma Sintering (SPS)

Metallurgy

Metal Injection Molding (MIM)
Selective Laser Sintering (SLS)
Additive

Selective Laser Melting (SLM)

Manufacturing

Laser Engineered Net Shaping (LENS)
Electron Beam Melting (EBM)

As-cast microstructure and surface properties of NiTi alloys are not applicable and thus post
treatments are required. These treatments include hot working (forging, hot rolling), final shape
setting via cold-working (bar, wire, tube and sheet) and heat treatments [79].
During annealing, the main changes in the microstructure are: (i) decreases in point defects
(vacancy) and dislocation densities, (ii) dislocation rearrangement that forms lower energy
configurations (e.g., sub-boundaries), (iii) formation of high-angle grain boundaries (HAGBs), (iv)
HAGBs migration that results in shrinkage of point defects (vacancy) and dislocations and, (v)
reduction in total grain boundary area. The first three changes are classified as recovery process
whereas the last two are classified as recrystallisation and grain growth [80].

2.2.2 Understanding of recrystallisation, grain growth and abnormal grain growth
As mentioned in Section 2.2.1, annealing at temperatures lower than the recrystallisation
temperature ( Tr ) [31] leads to microstructural recovery and relaxation of internal residual
stress/strain. Although texture shows little change in this temperature range, from the application
point of view, annealing and ageing below Tr play a significant role in determining transformation
temperatures and mechanical properties [5, 31, 81, 82]. Liu et al. [31] and Huang et al. [5] studied
the effect of annealing on transformation temperatures of a near-equiatomic NiTi rolled sheet and a
50.85Ni-Ti at.% wire using a Differential Scanning Calorimetry. Upon cooling, a two-step
transformation occurred for samples annealed below 600 °C whereas a one-step transformation
occurred for those annealed above 600 °C.
The variation in transformation temperatures can be explained by the interaction between the
strain field resulted from transformation products and lattice defects remained from previous coldworking [61]. Among the three phases, B2 has the highest symmetry, followed by rhombohedral R
phase, and B19′ has the lowest symmetry. Consequently, B2→B19′ transition results in a much
larger transformation strain than that for B2→R. When annealing temperature is low, such that the
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lattice defects such as dislocations and residual stress due to cold work remain; during cooling, these
defects interact with R→M transformation strain and thus, the transformation is inhibited. The
B2→B19′ transformation can only occur at lower temperatures, i.e. - Ms is lowered. In contrast,
B2→R transition causes smaller transformation strain and weaker interaction with lattice defects,
which contributes to the two-step B2→R→B19′ transformation. As annealing temperature increases,
samples undergo sufficient recovery that leads to less inhibition of B2→B19′ transformation, thus
Ms increases rapidly. Ms could increase to the extent that it overlaps Rs partially or even completely,
which yields a one-step B2→B19′ transformation [5].
At temperatures above Tr , materials may undergo processes such as precipitation, grain
growth, texturing, etc. in addition to microstructural recovery. Moreover, abnormal grain growth
can occur as annealing is prolonged [76]. Data on static recrystallisation of NiTi alloys seems
unsystematic compared to that on recovery. The recrystallisation start temperature was estimated to
be 0.55-0.57 times of the melting temperature (TM , 1240-1310 °C) [83], 0.45-0.5 times of TM and
0.48-0.55 times of TM [84]. Sadrnezhaad and Mirabolghasemi [85] identified the recrystallisation
start temperature (via heat treatment for 1 hr at temperatures from 100 to 800 °C) of a hot-rolled
52Ni-48Ti at.% alloy via hardness and parent phase yield stress (PPYS) measurements. Both
parameters decreased with increasing annealing temperature from 100 °C and turned to increase
from 600 °C, which indicates recrystallisation at 600 °C. Kamel et al. [86, 87] investigated the
recovery and recrystallisation of 50.9Ni-49.1Ti at.% wires deformed to various macroscopic strains.
It showed that newly recrystallised grains appear in the deformed matrix after annealing at 600 °C
for various time periods.
It is reported that grain refinement can improve strength as well as maintain plasticity and
toughness [88]. The size of newly recrystallised grains is determined by nucleation rate and
subsequent growth during recrystallisation. Measures that increase the stored energy of materials
such as higher strain, fast deformation rate and low deformation temperature have been taken to
increase nucleation rate [89-92]. Besides, high recrystallisation temperature accelerates nucleation
yet it also favours grain growth. Consequently, it is challenging to control temperature and
recrystallisation time in practice. However, large grain size is beneficial in some cases. For example,
small grain size favours grain boundary sliding at high temperatures since diffusion pathways are
relatively short. In this case, large grain size is essential to maintain creep resistance and strength
for high temperature alloys [93].

2.2.2.1 Nucleation of recrystallisation
During plastic deformation of a piece of metal, a large amount of external work is dissipated
in the form of heat. A small amount of work is retained in the lattice as stored energy in the form of
defects, which provides driving force for recrystallisation during subsequent heat treatment [94].
The classical homogeneous nucleation theory is unlikely suitable for recrystallisation due to
the low driving force it assumed [95]. It is more likely that the nuclei that give rise to newly
recrystallised grains already exist in the deformed matrix rather than form upon annealing. High
local orientation gradients areas such as transition and shear bands in the deformed structures are
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potential sites where pre-nuclei may trigger recrystallisation [68, 96, 97].
The three well-known nucleation models for recrystallisation are: (i) migration of preexisting high-angle grain boundaries [96, 98], (ii) nucleation due to low-angle dislocation boundary
migration (sub-boundary) [80, 96] and, (iii) nucleation by sub-grains coalescence [96, 99]. In cases
(ii) and (iii), an incubation time (time needed for forming a high mobility boundary) is required for
a nucleus formation whereas no incubation time is required in case (i).

(i) Migration of pre-existing high-angle grain boundaries
This model was originally suggested by Beck et al. [98] and Bailey [96] in the cases of Cu,
Ni, Au, Ag and Al, with deformation less than 40%. It takes into account the migration of a preexisting grain boundary to the interior of a more highly strained grain, as shown in Fig. 2.8.
Nucleation occurs when the decrease of stored energy due to the elimination of defects caused by
the passage of the boundary is more than the corresponding increase of total grain boundary energy
surface due to bulging.

(a)

(b)

Figure 2.8. (a) A schematic of nucleation by migration of pre-existing boundary due to
deformation. (b) The migration stages 1, 2 and 3 [80].

(ii) Nucleation due to low-angle dislocation boundary migration (sub-boundary)
This model was suggested by Beck, Cahn and Cottrell [96] and was generally quoted as the
Cahn-Cottrell model. It stresses the polygonisation phenomena during which regions of low
dislocation densities are surrounded by sub-boundaries. Once a sub-grain is formed, it will be able
to grow at the expense of its neighbours by thermally-assisted migration. In this way, stored energy
will decrease due to the removal and rearrangement of microstructural defects. The moving subboundary absorbs dislocations, increases its orientation difference, energy and mobility until it
transforms into a high-angle boundary. This mechanism seems to relate to the cases of high strains,
large spread in sub-grain size distribution, relatively high temperatures and metals with low stacking
fault energy [80].
(iii) Nucleation by sub-grains coalescence
This model was proposed by C. S. Smith [99] and was developed by Li [96]. The mechanism
is based on the coalescence of two neighbouring sub-grains, which is equivalent to a rotation that
causes the crystal lattices to coincide, as shown in Fig. 2.9.
Coalescence facilitates sub-grain growth, decreasing stored energy and altering the
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orientation differences between a group of grains that is undergoing coalescence and its
neighbouring sub-grains. The increase in the orientation difference results in a high-angle boundary
with high mobility, forming a recrystallisation nucleus. Compared to sub-grain migration, sub-grain
coalescence seems to be favoured by transition bands, large spread in the distribution of sub-grain
angles, moderate deformation strains, relatively low annealing temperatures, and metals with high
stacking fault energy.

(a)

(b)

(c)

(d)

Figure 2.9. Coalescence of two sub-grains by “rotating” one of them. (a) the initial structure, (b)
rotation of the CDEFGH grain, (c) sub-grain structure upon coalescence and, (d) the final
structure after sub-boundary migration (adopted from Ref. [80]).

2.2.2.2 Grain growth and texture evolution during recrystallisation
The fundamental mechanism of grain growth lies in the migration of high-angle grain
boundaries. The driving force, whether for continuous (normal grain growth) or discontinuous
(abnormal grain growth), is the energy of the high-angle grain boundaries. The recrystallised regions
continue to grow until their mobile fronts impinge each other. The growth rate v, i.e. - the migration
rate of high-angle grain boundaries was defined in Eq. (2.2) [100], where M is the high-angle grain
boundary mobility, and F is the driving force. It has been extensively reported that the activation
energy and mobility of high-angle grain boundaries are highly dependent on orientation [80].
v = MF

(2.2)

For normal grain growth, dispersed stress-free grains gradually and uniformly increase in
size upon annealing. Strictly speaking, it is the grains with larger topological parameter (the number
of faces in 3-dimension or the number of boundaries in 2-dimention for a grain) that grow at the
expense of those with smaller topological parameter. Some other microstructure evolutions such as
precipitation and texturing may be involved during this period. Beck et al. [91] first experimentally
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found a parabolic relation between average grain size and isothermal annealing time (Eq. (2.3));
here R refers to the average grain size, C is the system constant and n is the kinetic time index that
equals to 0.5 in theory. This equation was later modified based on the assumption that newly formed
embryos start to grow from zero in size, reaching the recrystallised size (R0 ) over an assumed time
(t0 ) (Eq. (2.4)). However, given the much smaller driving force for grain growth than that for
recrystallisation, this equation introduced a new discrepancy that the assumed time (t0 ) is much
longer than the actual time needed for initiating recrystallisation.
R = Ctn
R = C(t+t0

(2.3)

)n

(2.4)

In the case of abnormal grain growth, the process is featured by the rapid growth of only a
few grains rather than the major normal ones. Consequently, this process is discontinuous and is
driven by the potential reduction in total interfacial energy. The growth rate is described in Eqs. (2.5
and 2.6); where RA is the average size of abnormally grown grains, t is the isothermal annealing
time, tA0 is the incubation period; GA is the temperature related coefficient, G0A is a constant and QA
is the activation energy for abnormal grain growth.
RA = GA (t-tA0 )

(2.5)

GA = GA0 exp(-QA ⁄RT)

(2.6)

On the other hand, the abnormal grain growth can also occur before the normal grain growth,
during which the size distribution of newly formed grains is largely broadened upon recrystallisation
[94]. Consequently, some larger grains start to grow by consuming smaller ones until the size
distribution returns to a normal range. However, this has not been experimentally demonstrated due
to the transient process. The critical issue in studying abnormal grain growth lies in which types of
grains have the potential to extensively grow and what factors stabilise the rest in the matrix [101].
For texture evolution, the most common products of NiTi alloys are in the form of rolled
sheet/plate, extruded tube, drawn wire and rod [75]. It is shown that B2 NiTi alloys are highly
susceptible to crystallographic texturing during mechanical processing such as cast, rolling,
extrusion and drawing etc. (depending on the geometry) and heat treatment [102, 103].
For B2 wires and bars processed via extrusion and drawing and subsequent recrystallisation,
they tend to exhibit a strong axial 〈111〉 fibre along the extrusion or drawing direction [4, 10, 20, 33,
104, 105]. Hot-rolled NiTi alloys possess similar textures as hot-rolled/recrystallised b.c.c. alloys
(Fig. 2.10 and Table 2.4) [106, 107]: α-〈110〉 fibre parallel to the rolling direction, γ-[111] fibre
parallel to the normal direction and η-〈100〉 fibre parallel to the rolling direction. In addition, Shu
and Bhattacharya [106] showed α-fibre (II) texture ( {111}〈110〉 , {110}〈110〉 , 〈110〉 ∥ rolling
direction) which is typically not a common, but an observed one in NiTi alloys. Yuan et al. [108]
studied a hot-rolled 50.4Ni-49.6Ti at.% alloy and reported α-fibre texture extended from (885)[110]
to (112)[110]. Additionally, B2 NiAl has been found to exhibit a strong 〈111〉 texture along the
rolling direction after hot-rolling despite dynamic recrystallisation, a process which also occurs in
hot-rolled NiTi [102]. Some important textures in rolled/annealed products in the literature are
summarised in Table 2.5.
Samajdar et al. [103] studied the development of texture in an extruded B2 Fe-24Al wt.%

39

alloy during recrystallisation and grain growth and observed three main fibre components: [110],
[114] and [111] before and after annealing. The analyses may also help to understand texture
evolution in NiTi alloys. Grain growth is accompanied by the decrease of 〈110〉 fibre and the growth
of 〈111〉 fibre. Two factors indicate the selection of 〈111〉 equiaxed grains: (i) grain size advantage,
i.e. - it is seen that from the size distribution of 〈111〉 and 〈110〉 grains, larger grains tend to show
stronger 〈111〉 fibre during growth; (ii) 〈111〉 fibre has smaller probability of encountering lowangle (low mobility) boundaries.

(a)

(b)

Figure 2.10. A schematic of ideal orientations of texture components and important fibres in b.c.c.
materials [107].

Table 2.4. Characteristic fibres for rolled b.c.c. metals and alloys [109].
Fibre

Fibre axis

Euler angles, °

α

〈011〉 ∥ RD

0, 0, 45 - 0, 90, 45

γ

〈111〉 ∥ ND

0, 54.7, 45 - 90, 54.7, 45

η

〈001〉 ∥ RD

0 or 90, 0, 0 - 0 or 90, 45, 0

ζ

〈001〉 ∥ ND

0, 45, 0 - 90, 45, 0

ε

〈110〉 ∥ TD

90, 0, 45 - 90, 90, 45
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Table 2.5. Summary of textures in NiTi alloy products [75].
{111}〈110〉
{112}〈110〉 (hot-rolled sheet)
{110}〈110〉
{111}〈1̅ 1̅ 2̅ 〉
{111}〈2̅ 1̅ 3̅ 〉
〈110〉∥rolling direction partial fibre and 〈111〉∥normal direction fibre textures
α-Fibre II 〈110〉∥rolling direction (annealed < 400 ℃); {111}〈110〉 (annealed > 400 ℃)
{221}〈122〉 (tubes); {111}〈112〉, {221}〈110〉, {110}〈110〉 (sheet); {110}〈110〉, {100}〈011〉 rods

2.3 Phase transformation and in-situ characterisation of superelastic NiTi
alloys under load paths (uniaxial monotonic and cyclic loading-unloading
in tension) and grain size effect
2.3.1 Macroscopic stress versus strain curves
As shown in Fig. 2.5, when subjected to uniaxial monotonic tension at low strain rates
(between ~10-3 and ~10-4 s-1 ), the macroscopic stress versus strain curve of the NiTi alloys
corresponds to different microstructure changes. For initial B2 phase, these changes are: (i) the
elastic loading of the B2 phase and the nucleation of B19′ domain(s) towards the end of the elastic
region, (ii) B2→B19′ transformation and accompanying plastic deformation of the two phases, (iii)
continued transformation of the remnant B2 phase and elastic and plastic deformation of B19′
variants and, (iv) further re-orientation and de-twinning of B19′ variants and plasticity [2, 3, 21, 38,
110, 111]. For initial B19′ phase, the changes are: (i) the elastic accommodation of B19′ twins with
early onset of variant re-orientation and de-twinning, (ii) variant re-orientation and de-twinning of
the initial [011] type II and (11̅ 1) type I twinning modes and dislocation formation, (iii) further reorientation and de-twinning and formation of (201̅ ) and (100) deformation twins and slip system
activity and, (iv) further nucleation and growth of (201̅ ) and (100) and possible new (113) twins
and dislocations [25, 64, 112, 113].
Gall et al. [33] summarised three distinct recoverable inelastic deformation mechanisms:
Stress-Induced Martensite, Martensite Re-orientation and Martensite De-twinning. Specifically,
they pointed out that de-twinning occurs within a twinned martensite plate via the growth of a
favourably oriented internal twin at the expense of an unfavourably oriented one; while reorientation occurs between martensite plates with the conversion of one internally twinned
martensite plate to another via boundary migration. The maximum theoretical recoverable inelastic
strains via Stress-Induced Martensite and Martensite Re-orientation processes are identical due to
the crystallography of the transformation. In contrast, Martensite De-twinning is generally less
energetically favourable and most often occurs last, since it results in internal twin removal and
straining of the low-energy interface between B2-B19′ or B19′-B19′ [114].
According to ASTM F2516-14 [115], several parameters in the macroscopic stress versus
strain curves of B2 NiTi alloys are defined (Fig. 2.11). Upper plateau stress (UPS) is the stress at
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which the sample is loaded to 0.03 macroscopic strain; lower plateau stress (LPS) is the stress at
which the sample is unloaded to 0.025 macroscopic strain after loading to 0.06 macroscopic strain;
residual elongation ( Elr ) is the macroscopic strain when the sample is first loaded to 0.06
macroscopic strain and then unloaded to a stress of 7 MPa; uniform elongation (Elu) is the maximum
macroscopic strain before the sample necks down or cracks; elastic energy (E2 ) is represented by
the area surrounded by the unloading curve and the abscissa; elastic energy storage efficiency is
calculated by E1 ⁄(E1 +E2 ).
From earlier investigations of shape memory alloys, some other parameters were also defined,
which are illustrated in Fig. 2.11a (inset) over a loading-unloading cycle [116-119]. The triggering
stress for transformation is defined as the transformation start stress, σs , which corresponds to the
deviation from linearity following the elastic region. The complete plateau strain 𝜀𝑐 is the
macroscopic strain difference between the end of the elastic region (the onset of transformation) and
the end of the macroscopic stress plateau region. The absolute residual strain εUL and the applied
superelastic strain εSE are defined. εiSE = εit -εie-εiUL , where εit , εie and εiUL are the applied strain, the
genuine elastic strain and the residual strain for the ith cycle, respectively [118].

(a)

(b)

Figure 2.11. The defined parameters in the typical stress versus strain curve of superelastic NiTi
alloys, adopted from Ref. [115, 118].

Typical fatigue testing involves repeated cycles of loading up to the end of the maximum
macroscopic stress plateau region and subsequent unloading back to zero load. Studies exist on
structural fatigue in terms of the number of cycles to failure and the associated energy dissipation
[14, 15, 120-122]. In contrast, study on cyclic loading-unloading with strain increments per cycle is
limited. Although there are studies demonstrating the functional fatigue parameters such as the
transformation start stress, the recovered strain, the slope of the stress plateau region and the
accumulated residual strain [5, 122-124], the localised manner of the B2→B19′ transformation
poses a difficulty in characterising the deformation behaviour from both macroscopic and
microscopic points of view. However, this type of mechanical tests is also essential since it enables:
(i) understanding the localised deformation accumulation with incremental macroscopic strain, (ii)
studying the degradation in superelasticity and the change of transformation mode with successive
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cycles and increasing applied strains [125] and, (iii) assessing the practical lifetime (i.e. accumulated residual strain) of the material subjected to cyclic loading-unloading involving a
variation of applied strains, e.g., in construction and bio-medical fields [14, 121].
Examples of the reported macroscopic stress versus strain responses are shown in Figs. 2.12
and 2.13. Huang and Liu [5] carried out cyclic tensile loading-unloading tests by loading up to 0.03,
0.08 and 0.12 macroscopic strains, respectively on a 50.9Ni-49.1Ti at.% wire of initial B2 phase.
Their results (Figs. 2.12c and d) showed that (i) the transformation start stress decreases with
increasing the number of cycles. (ii) During the latter cycles and when the macroscopic strain
reaches the unloading strain of the previous cycle, the average stress levels gradually increase to
that of the 1st cycle. They explained that the portion of the material that has experienced
forward/reverse transformation more frequently favours the transformation therein upon subsequent
cycles. In contrast, the nucleation of new transformation band(s) elsewhere requires a higher
transformation start stress; the same as that of the 1st cycle. However, they also noticed that for
samples annealed at 600 °C, the average stress level of the macroscopic stress plateau regions during
the 2nd cycle is higher than during the 1st cycle. In Fig. 2.13, similar results were obtained by Yawny
et al. [124] who studied the superelastic cycling of ultra-fined grained 56Ni-44Ti wt.% wires via
cyclic loading-unloading with strain increments per cycle. They proposed a micro-mechanical
model which illustrates the localised transformation with respect to the macroscopic stress versus
strain response.
During the B2→B19′ phase transformation, both mechanical twinning and dislocation
plasticity are responsible for energy dissipation. Dislocations are introduced due to the distortion
stress field associated with the lattice shear as B19′ variants grow [124, 126, 127]. These dislocations
in turn, stabilise the B19′ variants such that they may not transform back to B2 upon unloading,
which leads to macroscopic residual strain. The presence of residual stress fields within the retained
transformation bands promotes localised transformation and plastic deformation at a relatively
lower transformation start stress during the next loading cycle.
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(a)

(b)

(c)

(d)

Figure 2.12. Macroscopic stress versus strain curves of (a) a 50.2Ni-49.8Ti at.% wire
(macroscopic strain rate: 6 × 10-4 s-1) [123], (b) a 54.6Ni-45.4Ti wt.% wire [11], (c) a 50.9Ni49.1Ti at.% wire (macroscopic strain rate: 1.67 × 10-4 s-1) and (d) an enlarged portion of (c) [5].

(a)
C1-Loading

C1-Unloading

C2-Loading

(b)
Figure 2.13. (a) Macroscopic stress versus strain curves of cyclic loading-unloading testing with
strain increments for 6 cycles (C) (macroscopic strain rate: 8.63 × 10-5 s-1). (b) A micromechanical model illustrating the localised transformation in a single crystal (upper) and in an
ultra-fined grained material (lower). Figures are adopted from Ref. [124].
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2.3.2 In-situ digital image correlation studies
As mentioned in Section 2.1.3, superelasticity manifests as sustaining reversible macroscopic
strains due to the stress-induced B2↔B19′ phase transformation within the macroscopic stress
region. Consequently, the study of superelastic NiTi alloys necessitates in-situ techniques. One of
the effective measurement techniques is digital image correlation (DIC), which is also known as
white light speckle technique. It is a non-contact optical correlation method that calculates the
displacement of random speckle patterns painted along the sample gauge length and determines the
surface strain field under various loading conditions [128-130]. Daly et al. [3] performed the first
in-situ DIC study on a rolled, thin sheets of fully B2 52Ni-48Ti wt.% alloy, and quantified the
evolution of strain fields up to the end of the macroscopic stress plateau region for one loadingunloading cycle in tension. The nucleation of an initial B19′ domain was captured; the localised
characteristic of transformation was detailed. Since then, DIC has been routinely incorporated with
mechanical testing of thermo-mechanically processed NiTi alloys to characterise the strain fields
[12, 15, 16, 52, 131, 132]. It should be mentioned that grain size reduction down to 10 nm results in
the stress-induced transformation occurring uniformly along the sample gauge length instead of
nucleating and propagating in a localised manner [72]. Examples are given in Fig. 2.14 and the main
findings are summarised as follows.
Upon uniaxial monotonic tension, the initiation of the B2→B19′ transformation occurs just
prior to the onset of the macroscopic stress plateau region, as reflected by a deviation from linearity
following the elastic region and a domain of strain concentration frequently located at the end of the
sample gauge length. The subsequent macroscopic stress plateau region corresponds to the
expansion of transformation band(s) along the gauge length. The band(s) are typically inclined at
~60°with respect to the loading direction [12, 13, 105, 133-135] and sub-divide the gauge length
into domains with local strains: (i) corresponding to the onset value (fully B2 regions) and (ii) the
end value (fully B19′ regions) of the macroscopic stress plateau region and, (iii) transiting between
the B2 and B19′ phases along the band [3, 12, 16, 104, 136]. During band expansion, a local kink
was observed at the intersection of the mobile band front and the sample edge. Such kink diminishes
upon further loading, which is accompanied by the widening of the mobile band front [13].
Furthermore, criss-crossing patterns of the transformation bands were also observed [3, 131].
Compared to studies on strain fields, data on local strain rates is limited. The latter study is
also essential since local strain rate affects the direction and extent of the localised transformation.
Schaefer and Wagner [16] studied the local strain rate distribution along the gauge length at one
time step during the expansion of the transformation band, for a 50.9Ni-49.1Ti at.% ribbon under
uniaxial tensile loading of a loading-unloading cycle. Their results (Fig. 2.15) showed that the
maximum local strain corresponds to the middle of the band and is one order of magnitude higher
than the macroscopic strain rate, whereas it is close to zero in both the transformed and
untransformed regions.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
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Figure 2.14. (a) Macroscopic stress-strain curve and the corresponding DIC strain contours of a
rolled 52Ni-48Ti wt.% sheet (macroscopic strain rate: 10-3 s-1) [3]. (b) DIC strain contours of a
cold-rolled 50.7Ni-49.3Ti wt.% sheet under uniaxial tension (macroscopic strain rate: 1.4 × 10-4
s-1) [52]. (c) DIC strain contours of a rolled 55.8Ni-44.2Ti wt.% sheet during a tensile loadingunloading cycle (macroscopic strain rate: 2 × 10-4 s-1) [12]. (d) Geometry of an inclined
transformation band and an expanded view during localised phase transformation plateau region
[13]. (e) DIC strain contours of a 55.6Ni-44.4Ti wt.% sheet upon uniaxial loading (macroscopic
strain rate: 10-5 s-1) [131]. (f) An example of the criss-crossing bands found in some samples [3].
(g) Grain size effects on the macroscopic tensile stress-strain curve of NiTi polycrystal samples
with different average grain sizes [72].

Figure 2.15. Distribution of tensile strains and strain rates along the centreline of the sample gauge
length during the propagation of the transformation band (macroscopic strain rate: 2.4 × 10-4 s-1),
referred from Ref. [16].

As mentioned in Section 2.3.1, DIC measurements have been intensively coupled with
typical fatigue tests; whereas cyclic loading-unloading with small strain increments to the
macroscopic strain per cycle, has not been well characterised. During fatigue tests, criss-crossing
patterns of the transformation bands were frequently observed following the early development of
single inclined band(s) (Fig. 2.16) [14, 15]. To rationalise such patterns, Jiang et al. [13] proposed
an in-plane moment relieving mechanism relating to the local shear strain. The accumulation of
shear strain at the single inclined mobile band front results in an asymmetric in-plane moment;
consequently, the widening of the single band front and criss-crossing patterns are associated with
an opposite moment distribution of a new transformation band compared to the existing mobile band
front, which helps to relieve the asymmetric in-plane moment and straighten the sample.
Upon unloading of loading-unloading cycles, retained transformation bands of higher strains
distribute along the gauge length (Figs. 2.14a, c and e). In the subsequent cycles, strain increment is
first accommodated within the pre-existing band(s), i.e. - bands tend to develop from the same
locations, and propagate in the same manner, from cycle to cycle. This leads to greater non-linearity
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towards the end of the elastic region [14, 15, 132, 137, 138]. When local strain is saturated in such
pre-existing band(s), new transformation band(s) occur and are accompanied by a reduction in stress
in the macroscopic stress-strain curve. Similarly, during unloading, the increases in stress
correspond to a coalescence of smaller band branches [15]. The later formed transformation bands
tend to transform back earlier and to a larger extent than the early formed bands; the latter
experienced more cycles and accommodated increasing residual strains.
Theories and models were established to explain the accumulated residual strain with strain
increment per cycle. The microstructure degradation could be caused by cyclic plastic strain, the
cyclic B2↔B19′ transformation, and their interaction [139-141]. It is reported that dislocation
formation accompanies the B2→B19′ transformation in order to accommodate the distorting stress
field due to lattice shear during B19′ variant growth [14, 124, 126, 127, 132, 137, 138]. This hinders
the full reverse transformation of the B19′ phase and leaves it stabilised. With increasing
macroscopic strain, the following features are observed: (i) the development of new transformation
bands at the pre-existing strained band front, (ii) a progressive decrease in the transformation start
stress and, (iii) accumulation of residual strain upon unloading after each cycle and a progressive
degradation in superelasticity after a certain number of cycles (Figs. 2.12 and 2.14).

(a)

(b)

(c)

(d)

Figure 2.16. (a) Macroscopic stress versus strain curves of a 55Ni-45Ti wt.% sheet (macroscopic
strain rate: 10-4 s-1) and (b) the corresponding DIC strain contours at the mid-point of the stress
plateau region for cycles C1, C2, C5, C10, C25 and C50 [15]. (c) Macroscopic stress versus strain
curves of a 55.8Ni-44.2Ti wt.% sheet for cycles C1, C3 and C20 (macroscopic strain rate: 6 ×104

s-1) and (d) the DIC strain contours at deformation stages from A to F in (c) of cycle C3 [14].
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2.3.3 In-situ synchrotron X-ray diffraction studies
From microscopic point of view, diffraction techniques such as X-ray, neutron and
synchrotron X-ray have been utilised to study the evolution of internal strains, phase fractions and
texture [4, 18, 19, 21, 22, 142-144]. In this regard, synchrotron sources have the following attributes:
(i) the extremely intense and highly collimated beam facilitates accurate plane lattice strain and
phase fraction measurements over reasonably large gauge volumes. (ii) The high X-ray flux ensures
reduced data collection times; thereby overcoming the macroscopic stress relaxation effect when
loading is paused. (iii) Imaging the 2D Debye-Scherrer rings enables quantitative texture analysis
via Rietveld refinement [145-148]. Here, the texture analysis accounts for the variation in intensity
along a Debye-Scherrer ring for a given hkl reflection as well as the intensity variations between
different reflections [149-151].

2.3.3.1 Single peak fitting analysis
Understanding the micro-mechanical behaviours of superelastic NiTi alloys upon
transformation, such as lattice strains and texture in the stress field, is of importance as these factors
determine the recoverable strain and other performances [22]. It is observed that a stress relaxation
occurs for the (110)B2 grain family upon transformation [152]. The compressive (transverse) strain
of the remnant (110)B2 grain family within the mobile band is larger than in the untransformed
region [153]. Polatidis et al. [19] studied the transverse lattice strains of the (110)B2 and (020)B19′
grain families of a 50.3Ni-49.7Ti at.% sheet; Young et al. [21] studied both the axial/loading and
transverse lattice strain evolution of the B2 and B19′ grain families of a 50.9Ni-49.1Ti at.%
ultrafine-grained wire. In these two studies, the B19′ lattice parameter sequence a < b < c, β ≠ 90°
was used. The authors measured the lattice strains at the centre of the gauge length with loading
well into the slowly rising macroscopic stress region. In addition, they acquired spatially resolved
diffraction data along the gauge length by pausing the loading at a macroscopic strain within the
stress plateau region and translating the stage. The latter measurement enabled tracking localised
transformation phenomena in terms of phase fractions, lattice strains and full width at half maximum
(FWHM). It is found in Ref. [19], both the (110)B2 and (020)B19′ grain families are under
compression along the transverse direction during deformation (Fig. 2.17). According to Ref. [21],
both the B2 and B19′ phases are highly strained within the transformation band. In particular,
(001)B19′ is under more compression along the loading direction within the band than in the
transformed region and is under more tension along the transverse direction within the band than in
the transformed region (Fig. 2.17). Cai et al. [154] observed different lattice strain evolution for the
(110)B2 and (211)B2 grain families within the mobile band, during a loading cycle of a cyclic
loading-unloading tensile test on a cold-drawn 51Ni-49Ti at.% wire (Figs. 2.18c and 2.18d). They
explained such difference by considering the B2↔B19′ orientation relationship and variations in
elastic moduli between them. It is suggested that the bulk of the load is accommodated at the band
front and in the B2 phase. This strain state may be critical in leading to the localised manner of
deformation by reducing the local critical stress for transformation [19, 21, 105]. When loading into
the slowly rising macroscopic stress region, the lattice strains of the B19′ grain families deviate from
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linearity (e.g., Figs. 2.17d, 2.18e and 2.18f) and deformation mechanisms such as elasto-plastic
deformation, variant re-orientation and de-twinning of B19′ are involved [3, 21, 154].

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.17. Transverse lattice strain of the (110)B2 grain family (a) at the centre of the gauge
length with respect to macroscopic strain and (b) near a transformation band at 0.048 macroscopic
strain. Laboratory XRD results are also shown in (a) [19]. (c, d) Macroscopic stress versus lattice
strains of the B2 and (001)B19′ grain families upon a loading-unloading cycle. (e, f) The axial and
transverse lattice strains of the (110)B2 and (001)B19′ grain families along the gauge length at 0.057
macroscopic strain [21].
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.18. (a) The macroscopic stress versus strain curve of a cold-drawn 51Ni-49Ti at.% wire.
(b) Evolution of the B19′ weight fraction during cycle C2. (c, d) Lattice strain versus macroscopic
strain evolution of the (110)B2 and (211)B2 grain families during C2. (e, f) Evolution of lattice
strains of the B19′ grain families during C3. Arrows indicate the loading path in (b-f) [154].

Sedmák et al. [18] studied the microstructural evolution of a 50.8Ni-Ti at.% wire during
fatigue testing. It is found that incremental plastic strains accumulate along with the stress-induced
B2→B19′ transformation in constrained polycrystalline environment. Consequently, internal
stresses gradually redistribute and cause cyclic instability. They proposed a hybrid
slip/transformation process that during loading, each time the mobile band passes through a given
crystal volume, dislocations form alongside with the mobile band and leave the particular crystal
volume slightly elongated. It is also noticed that by performing cyclic compression test on a 51.0Ni-
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Ti at.% alloy, Vaidyanathan et al. [155] proposed two mechanisms responsible for the superelastic
strain: (i) the formation of new B19′ within the mobile band and, (ii) twinning of the existing volume
of B19′ phase that generates larger uniaxial strains. However, it should be pointed out that the strain
state and loading partitioning in (retained) B2 and B19′ phases and their relation to the
transformation mechanism are still limited. In addition, details on the plasticity activity at the mobile
band and/or in the B2 or B19′ phases are still unclear.

2.3.3.2 Texture analysis
For NiTi alloys with an initial B19′ phase, the evolution of texture during deformation stages
(i) to (iv) in Fig. 2.5a has been comprehensively investigated [23, 24, 26, 156]. The corresponding
mechanisms such as de-twinning, deformation twinning, slip etc. are detailed. Benafan et al. [26]
(Fig. 2.19) conducted in-situ neutron diffraction measurements and studied the martensite
deformation of a hot-rolled 49.9Ni-50.1Ti at.% rod with an initial B19′ random texture, by loading
up to macroscopic strains of (1) 0.06, (2) 0.1, (3) 0.14, (4) 0.16, (5) 0.18, (6) 0.2 and (7) 0.22,
respectively and unloading to zero load. Nearly random textures of the self-accommodated variants
of the stress free B19′ bulk polycrystalline samples have been selected since they are suitable for
studying variant re-orientation and de-twinning processes. Loading to macroscopic strains within
stage (ii) (Fig. 2.5) first results in the initiation and growth of [1̅ 50]B19′ and [010]B19′ orientations
along the loading direction (see Fig. 2.24b for detailed pole positions). These orientations were
reported as the most preferred orientations due to variant re-orientation and de-twinning of the selfaccommodated 〈011〉 type II twins [157]. Between 0.07 and 0.09 macroscopic strains (stage (iii),
Fig. 2.5), [1̅ 50]B19′ /[010]B19′ orientations gradually reach an intensity maximum. Further loading
results in a shrinkage of [010]B19′ and the development of a new texture related to [230]B19′
orientation. At stage (iv) (Fig. 2.5), [010]B19′ fibre rotates to [230]B19′ and/or [110]B19′ as a result
of a combination of slip, (001) compound twinning or (201̅ ) and (113) deformation twinning [20,
25]. Similarly, Qiu et al. [156] carried out uniaxial monotonic tension up to stage (iv) (Fig. 2.5),
coupled with in-situ neutron diffraction measurements on a hot-drawn 49.9Ni-50.1Ti at.% rod. The
weak starting texture evolved into a strong [010]B19′ fibre texture when at stage (iv) (Fig. 2.5).
Stebner et al. [23] (Fig. 2.20) performed uniaxial monotonic tensile test with loading into stage (iv)
(Fig. 2.5), together with in-situ neutron diffraction measurements on a hot-extruded 49.9Ni-50.1Ti
at.% alloy. The variant re-orientation and de-twinning of the self-accommodated 〈011〉 type II twins
can produce ~0.13 tensile strain. During stages (i) and (ii) (Fig. 2.5), the nearly random starting
texture evolves and corresponds to an increase in the [1̅ 50]B19′ orientation. During stages (iii) and
(iv) (Fig. 2.5), the decrease in the intensity of [1̅ 50]B19′ and the corresponding increase in the
intensity of [230]B19′ is correlated to (201̅ ) deformation twinning.
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Figure 2.19. The macroscopic stress versus strain curves of 49.9Ni-50.1Ti at.% samples deformed
to macroscopic strains between 0.06 and 0.22 and the inverse pole figures along the axial/loading
direction of the B19′ phase for samples 1, 2, 3 and 7. Figures are adopted from Ref. [26].

Cai et al. [20] conducted in-situ synchrotron diffraction measurements and performed
Rietveld-based texture analysis of the Debye-Scherrer rings of a hot-rolled plus cold-drawn 55.9Ni44.1Ti wt.% wire with initial [1̅ 20]B19′ , [120]B19′ , [1̅ 02]B19′ and [102]B19′ fibres, under uniaxial
monotonic tension (Fig. 2.21). With loading up to a macroscopic strain of 0.02, these initial fibres
gradually convert to [1̅ 02]B19′ fibre and the process is related to the de-twinning of the (001)
compound twinning and 〈011〉 type II twinning. [1̅ 20]B19′ transforms to a strong [1̅ 30]B19′ between
0.02 and 0.05 macroscopic strains via body rotation. The [1̅ 30]B19′ fibre continues to increase in
intensity up to 0.05 macroscopic strain and shifts to [110]B19′ fibre at macroscopic strain above 0.10,
at which (201̅ ) deformation twinning occurs which leads to the rotation of [1̅ 30]B19′ to [110]B19′ .
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Figure 2.20. The macroscopic stress versus strain curves of hot-extruded 49.9Ni-50.1Ti at.%
samples 1, 2 and 3 and the inverse pole figures along the extrusion/loading direction of the B19′
phase for sample 1. The multiple random distributions (MRD) are shown at the bottom. Contour
lines are drawn in 0.25 MRD intervals. Figures are adopted from Ref. [23].

Figure 2.21. Inverse pole figures along the axial/loading direction of a B19′ 55.9Ni-44.1Ti wt.%
wire at different strain levels. Macroscopic strains are labelled at the bottom of each figure [20].
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On the other hand, experiments on the evolution of texture during stress-induced B2→B19′
transformation are limited, in particular, for drawn NiTi alloys. Hasan et al. [22] reported on texture
evolution during the uniaxial tension of a cold-rolled 55.8Ni-44.2Ti wt.% alloy with an initial B2
phase. With the rolling direction parallel to the tensile loading direction, the (110)B2 transforms to
(020)B19′ whereas other B19′ grain families orient away from the loading direction. It is known that
the NiTi samples after drawing and subsequent recrystallisation possess an initial 〈111〉B2 fibre
texture along the axial/loading direction (Figs. 2.22 and 2.23) [79, 103, 108]. Gall et al. [33] reported
〈111〉B2 fibre orientations of a cold-drawn 55.7Ni-44.3Ti wt.% bar with an initial B2 phase but
without studying the evolution of texture during tensile loading. In another section of Ref. [20] (Fig.
2.23), similar Rietveld-based texture analysis of the Debye-Scherrer rings was carried out on a colddrawn 56.1Ni-43.9Ti wt.% wire subjected to uniaxial monotonic tension. It is found that the initial
[334]B2 fibre, 8°away from [111]B2, transformed to [1̅ 30]B19′ . It is stated that the large d-spacing
of the (130)B19′ plane makes it the most favourable among all potential variants transformed from
the [334]B2 texture via lattice deformation and rigid body rotation. Stebner et al. [17] carried out insitu neutron diffraction measurements and studied the texture evolution in the B2 and product B19′
phases of a cold-drawn 50.8Ni-49.2Ti at.% bar, upon uniaxial monotonic loading to stage (iv) (Fig.
2.5). The initial inverse pole figures along the loading direction indicate a strong intensity of [111]B2
(Fig. 2.24). It is stated that [111]B2 is a highly symmetric direction such that multiple habit plane
variants can form in such grains to accommodate constraints from the neighbouring grains, which
results in ~0.06 transformation strain in theory [106]. Within the macroscopic stress plateau region,
a competition exists between elastic energy minimisation and the geometric restrictions of the B2B19′ interfaces. The former indicates that most open packed planes ([1̅ 50]B19′ ) align with the
loading direction; whereas the latter restricts the direct transformation of the material to the
elastically preferred orientations, and results in rather non-optimal orientations such as [1̅ 21]B19′ ,
[2̅ 10]B19′ and [102]B19′ (Fig. 2.24c, macroscopic strain of 0.015). Fig. 2.24c (macroscopic strain of
0.07) presents a twinning event, as a unique and equal volume fraction twins from near [1̅ 00]B19′ to
[1̅ 50]B19′ , which could be associated with [100](010)B19′ compound twinning [158]. In addition,
within the transformation band, some grains are more favourable to slip than transformation, thus
plasticity is also involved during transformation.

55

(b)

(a)

(c)

Figure 2.22. (a) The 001, 011 and 111 pole figures of a common NiTi drawn bar measured by
neutron diffraction (top) and calculated inverse pole figure along the bar direction (bottom) [4].
(b) Inverse pole figures in a 50.1Ni-Ti at.% wire [33]. (c) Orientation distribution of the grains
along the axial/loading direction in the inverse pole figure of an annealed 50.8Ni-Ti at.% tube
[105].

Figure 2.23. Inverse pole figures along the axial/loading direction of the B19′ phase for a 55.9Ni44.1Ti wt.% wire at different strains. Macroscopic strains are labelled at the bottom [20].
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(a)

(b)

(c)
Figure 2.24. (a) The macroscopic stress versus strain curve of a cold-drawn 50.8Ni-49.2Ti at.%
alloy upon uniaxial monotonic tension. (b) Experimental inverse pole figure coverage for the B2
(upper) and B19′ (lower) phases. Each dot indicates a peak contained within the diffraction
spectra. (c) The inverse pole figures along the extrusion/loading direction of the B2 and B19′
phases during different deformation stages. The multiple random distributions (MRD) are shown
at the bottom [17].

From theoretical aspect, Sittner et al. [4, 159] pointed out that the effect of external stress on
the B19′ texture formation can be approximated by assuming that mainly the lattice correspondent
variants of the B19′ phase form by providing maximum strain into the direction and sense of load
in individual crystallites. They calculated the transformation strains of potential B19′ variants
appearing in three basic orientations of B2 grains and obtained that the formation of (12̅ 0)B19′ from
(111)B2 and the formation of (010)B19′ / (020)B19′ from (110)B2 produce the maximum tensile
strains of ~0.10 and ~0.077, respectively (Table 2.6). Ye et al. [160] (Fig. 2.25) calculated the
transformation strain in given directions in B19′ coordinate frame using the 12 lattice
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correspondence variants and lattice parameters of both phases, which makes the transformationinduced texture predictable under applied loading conditions. It was shown that the B19′ variants
possess the highest (150)B19′ pole intensity along the loading direction at transformation strain of
0.10.
Table 2.6. Selected B2 and B19′ lattice correspondence reflections for the B2↔B19′
transformation. The symbol hklB19′ is associated with multiple lattice correspondence variants
(LCVs) all yielding equal magnitude of transformation strain into the loading direction. Data is
adopted from Ref. [159].
B2

B2 lattice

B19′

B19′ lattice

hklB19′

Number

Transformation

reflection

spacing, nm

reflection

spacing, nm

LCV

of LCVs

strain

1⁄2 011

0.4265

001

0.4592

001

2

0.0767

001

0.3015

011

0.3068

01̅ 1

4

0.0173

002

0.2296

001

2

0.0767

011

0.2132

111̅

0.2185

1̅ 11

2

0.0249

111

0.1741

1̅ 02

0.1910

1̅ 02

2

0.0969

Figure 2.25. Calculated B2→B19′ transformation strain (in percent)-texture contours
corresponding to uniaxial loading [160].

2.3.4 Studies on superelastic behaviour in recrystallised NiTi alloys
In the literature, the superelastic behaviour of Cu-based shape memory alloys with grain size
ranging from 60 µm to far beyond 1 mm has been largely studied [116-119, 161]. As a reference, it
has been commonly found that a decrease in grain size leads to: (i) increases in the transformation
start stress, the slope of the stress plateau region and stress hysteresis and (ii) decreases in the
complete plateau strain and recoverable strain (Table 2.7). In these works, the grain size (d)/sample
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thickness (t) ratio was proposed in order to compare the results from samples with different thickness
such that the ratio from 0.01 to 6.0 has been reported. The transformation start stress and the slope
of the stress plateau region were found to follow a Hall-Petch type of relationship with grain
size/sample thickness ratio (Fig. 2.26). These studies indicate that decreased grain size reinforces
grain constraint on the propagation of transformation from grain to grain [117, 119]. In addition, it
was noted that the shape change associated with the stress-induced martensitic transformation is
accompanied by various extent of plastic deformation of the matrix and remnant martensite [116,
117]. In contrast, there exist fewer reports on the effect of recrystallised grains formed during
different recrystallisation stages on the mechanical properties of Ni-rich NiTi alloys. Sun et al. [162]
studied the stress-strain behaviour of a fully B2 56Ni-44Ti wt.% alloy (grain size: ~ 20 µm)
subjected to uniaxial loading up to the end of the macroscopic stress plateau region in tension
followed by unloading. They also observed a residual strain of ~0.013, which indicates that
dislocation slip concurrently occurs as stress-induced phase transformation frontier propagates. The
accumulated elastic strain energy during the forward transformation is relaxed by the plastic
deformation.

Table 2.7. Selected experimental data from Ref. [118].
Alloy
Parameters

(72Cu17Al11Mn)

72Cu17Al

(72.5Cu17Al10.5Mn)

99.8-B0.2

11Mn

99.5-Co0.5

Grain size, µm

60

217

6000

Wire sample diameter, µm

1000

1000

1000

Grain size/diameter ratio

0.060

0.217

6.000

Yield stress, MPa

363

260

93

5.833

4.000

0.2

Stress hysteresis, MPa

134

97

13

Complete plateau strain (εc)

0.028

0.042

0.092

The stress-strain slope of the stress
plateau region, GPa
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(a)

(b)

(c)

(d)

Figure 2.26. (a, b) The macroscopic stress versus strain curves of samples with three grain size
conditions of (a) 70.05Cu-26.05Zn-3.8Al-0.1Zr wt.% alloy [117] and (b) 88.1Cu-11.4Al-0.5Be
wt.% alloy [161]. (c) The transformation start stress and (d) the stress-strain slope of the stress
plateau region versus grain size (d)/sample thickness (t) ratio for samples in (b).

Furthermore, the mechanical properties was explored by considering the thermodynamics
and kinetics related to the nucleation and growth of the B19′ phase [163-165]. Energy variations
during each stage of the transformation have been studied. It is reported that the Gibbs free energy
'

change (ΔGB2→B19 ) during the B2→B19′ transformation process is determined by the chemical free
energy change per unit volume of the B2 and B19′ phases (or driving force, ΔGchem), and energy
barriers such as: (i) the elastic strain energy during transformation shape change (Ee), (ii) the B2B19′ interfacial energy ( Ei ) and, (iii) the energy dissipation that is associated with B2-B19′
interfacial friction and defect production ( Ed ). The energy variation can be expressed as:
'

ΔGB2→B19 = ΔGchem +Ee +Ei +Ed. During nucleation, the interfacial energy: (i) contributes more than
the elastic strain energy to the total energy barriers [163] and (ii) is inversely proportional to the
B19′ plate thickness [166]. Smaller grain size tends to result in the B19′ phase with reduced plate
thickness [116] and subsequent raised interfacial energy, which indicates that greater energy (i.e. higher transformation start stress) is required for B19′ nucleation. Once the nucleation barrier is
overcome by applied stress, the B19′ nuclei cause a decrease in the total free energy and
transformation proceeds in an autocatalytic manner under a stress level lower than the
transformation start stress. In the stage of B19′ phase growth, the elastic strain energy gradually
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increases in proportion to the interfacial energy accounting for the energy barriers. For smaller grain
size, a larger grain boundary area makes the sample shape changes associated with the
heterogeneous nature of the deformation (localised transformation) more difficult [116].
Consequently, the stress level within the macroscopic stress plateau region is higher in order to
overcome the higher elastic strain energy. It is also reported that smaller grain size favours the
storage of elastic strain energy and, thus promotes reverse transformation during unloading [162,
167].
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Chapter 3
Materials and Experimental Procedures
This chapter reviews the materials investigated and the experimental procedures used in this
thesis. The sample preparation and the microstructural characterisation techniques are also
introduced. The analytical techniques for digital image correlation and synchrotron X-ray diffraction
together with their basic principles are discussed.

3.1 Material and processing
3.1.1 As-received material
The as-received material used in the current project comprises a polycrystalline 56Ni-44Ti
wt.% shape memory alloy. It was supplied as a 10 mm diameter rod by Nitinol Devices and
Components, Inc (NDC). The fabrication of the as-received material involved vacuum arc
remelting/skull melting, hot working, cold drawing and shape setting treatment whereas its specific
thermo-mechanical processing history is proprietary. The material is selected since it contains a
single B2 phase at room temperature after designed heat treatment, and thus enables studying stressinduced B2 to B19′ phase transformation during mechanical tests. Table 3.1 lists the nominal
chemical composition (in wt.% from hereon) of the as-received material. Hereafter, the
experimental material is referred to as the NiTi alloy.
Table 3.1. Chemical compositions of as-received NiTi shape memory alloy (wt.%)1.
Ti

Ni

N

O

H

Fe

Co

43.6

56.2

0.008

0.03

0.002

0.01

0.03

We measured the phase transformation temperatures of the as-received material using a
Theta Dilatronic III dilatometer (Section 3.1.2) capable of heating from room temperature. Before
measurement, both the sample and the thermocouple were placed into liquid nitrogen until their
temperature was sufficiently lower than the possible austenite start temperature (As ). Afterwards,
the sample was immediately positioned into the dilatometer. The temperature range of the B19′→B2
transformation is from around 16 to 22 °C, whereas no phase change was detected during cooling
from 200 °C to room temperature. The result indicates that under this heating/cooling history the
as-received material maintains in stable B2 phase when cooled from higher temperatures down to
room temperature.

3.1.2 Heat treatments
In order to obtain an initial B2 phase with two grain size conditions suitable for mechanical

1

The material consists of trace elements such as C, Al, V, Sn, Pd, Cr, Nb and Zr and their content is

less than 0.01 wt.%.
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testing at room temperature, the source NiTi rod was subjected to recrystallisation treatment.
Determination of heat treatment schedules was based on the information on recrystallisation
provided in the literature (see Section 2.2.2) and summarised as follows: (i) Attempts have indicated
that the static recrystallisation start temperature was estimated to be within 558-747 °C range or
higher [83-87]. (ii) Abnormal grain growth can take place during prolonged annealing [76], which
should be avoided in the present study. Consequently, trial samples were electrical-discharge
machined and heat treated at 700 °C using dilatometer, Gleeble 3500 and muffle furnace.
The Theta Dilatronic III dilatometer provided a vacuum level of ~5 × 10-4 Torr. Heat
treatment was carried out at (i) a heating rate of 20 °C∙s-1 holding for 10 s, 30 s, 180 s and 300 s and,
(ii) a heating rate of 1 °C∙s-1 holding for 1 s, followed by helium gas quenching to room temperature.
Gleeble 3500 was operated under a vacuum level of 10-2 Torr. Samples were heat treated at
a heating rate of 0.15 °C∙s-1 and held for 120 s, 600 s, 2.4×103 s and 5.4×103 s, followed by
immediate water quenching to room temperature. A compressive stress of 0.4 to 0.5 MPa was
applied to hold the sample. The closed-loop control system provided accurate control of heat input
with a K-type (Ni-Cr) thermocouple welded on the sample.
For long time annealing, samples were encapsulated in quartz tubes under an Ar atmosphere
of 305 mbar at room temperature. Thereafter, they were transferred into a muffle furnace and held
for 2.16 × 104 s , 4.32 × 104 s , 8.64 × 104 s and 1.728 × 105 s ; followed by immediate water
quenching to room temperature. The estimated heating rate was ~0.18 °C∙s-1 .
The preliminary results are listed in Table 3.2. It is evident that annealing at 700 °C for 120
s and 1.728 × 105 s in the muffle furnace resulted in the desired grain size (~10 μm and ~100 μm).

Table 3.2. Summary of trial heat treatment schedules (at 700 °C) and the resultant grain sizes.
Heat treatment schedules
Equipment

Heating rate, °C∙s-1

Holding time, s

Grain size,
Cooling

10

3.3 ± 1.4

30
Dilatometer

4.5 ± 2.0

20

He gas quenching to
180

1

room temperature

3500

0.15

9.3 ± 4.6

1

5.2 ± 2.2
12.3 ±6.0
3

14.3 ±7.3

3

25.1 ±9.8

2.4 × 10
5.4 × 10
120

2.16 × 104
Muffle
furnace

~0.18

7.2 ± 2.4

300

600
Gleeble

μm

water quenching to

9.9 ± 5.9

room temperature

35.2 ±22.6

4

4.32 × 10

42.1 ±27.0

8.64 × 104

55.6 ±24.9

1.728 × 105

100.0 ±28.0
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The as-received material was cut into smaller rods (with total length of 70 mm and 42 mm,
respectively) according to the mechanical testing requirements on sample dimensions. They were
heat treated in a muffle furnace at 700 °C for 120 s and 1.728 × 105 s, respectively followed by water
quenching to room temperature. In both cases, no remarkable variations in the dimensions or
appearance occur on the solution-treated samples.

3.2 Samples preparation
3.2.1 Samples preparation for mechanical testing
The solution-treated rods were electro-discharge machined into: (i) 18 (gauge length) × 5
(width) × 1 (thickness) mm3 flat dog-bone samples (Fig. 3.1a) for mechanical tests on a 100 kN
Instron 1341 universal testing machine coupled with digital image correlation and, (ii) 10 (gauge
length) × 5 (width) ×0.7 (thickness) mm3 tensile dog-bone samples (Fig. 3.1b) for mechanical tests
on a Deben Instruments 5 kN tensile stage combined with synchrotron X-ray diffraction,
respectively. All their gauge lengths are parallel to the rod axial direction.

(a)

(b)

Figure 3.1. Schematic illustration of the tensile sample dimensions in mm for mechanical testing
on (a) Instron universal testing machine with digital image correlation and (b) Deben Instrument
tensile stage with synchrotron X-ray diffraction. All dimensions are in mm.

3.2.2 Samples preparation for microstructure characterisation
Grain sizes of the solution-treated and deformed samples were evaluated via optical
microscopy. Grain boundaries and crystallographic texture of a local area of the bulk solutiontreated and deformed samples were studied using electron back-scattering diffraction (EBSD).
Phase identification in the as-received and solution-treated samples was conducted with
transmission electron microscopy (TEM).
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The axial cross-sections of the solution-treated rods and the flat surfaces of gauge length and
width of the deformed samples were used for optical metallography and EBSD analyses. These bulk
samples were ground using a series of SiC papers through mesh size of 1200 to 4000 followed by
mechanical polishing up to the 3 µm and 1 µm diamond stages. Electro-polishing was then carried
out at room temperature using a Struers Lectropol-5 operating at 20 V (~1.8 A) for 180 s with an
electrolyte mixture comprising 73% ethanol + 10% butoxyethanol + 9% water + 8% perchloric acid
by volume.
For TEM analysis, ~200 µm thick slices parallel to the axial cross-sections of the as-received
and solution-treated rods were cut by electro-discharge machining. Thereafter they were punched
into 3 mm diameter discs using a Gatan disc punch and ground to a final thickness of ~75 µm using
SiC papers through mesh size of 1200 to 4000. Electro-polishing was conducted on a Struers
Tenupol-5 operating at 0 °C and 20.5 V (~112 mA) with the same electrolyte for electro-polishing
the bulk samples.

3.3 Mechanical testing
3.3.1 Uniaxial monotonic tensile test on Instron 1341 with digital image correlation
Prior to mechanical testing, the entire sample gauge length was painted with a random
speckle pattern by spraying a black background and white spots in order to perform digital image
correlation (DIC) measurements. During the test, the samples were gripped and monotonically
loaded using a computer-controlled servo-hydraulic 100 kN Instron 1341 universal testing machine
operating under strain control mode at a crosshead speed of 0.48 mm∙min-1 ; which corresponds to
an initial strain rate of 1 × 10-4 s-1 . The resultant macroscopic stress versus strain curve covered the
stress plateau region, and well extended into the slowly rising stress region before unloading; in
order to cover all characteristic deformation stages.
The Dantec Dynamics Q-400 system used for DIC measurement comprised two close circuit
digital cameras with ×1.5 lenses operating at 5 frames per second for the duration of the mechanical
tests (Fig. 3.2a). The focal distance of the cameras was adjusted in order to obtain the best focus and
contrast. The principles of DIC are described in Section 3.5.1. The setup of DIC involved activation
of hardware (Q-400), acquisition and setting of live images, and the calibration of live image. During
calibration, the calibration plate was positioned with different orientations and the detected corners
of the squared pattern were assessed. By doing this, the necessary information about the measured
object such as geometrical properties and the relative positions of the cameras, and the threedimensional coordinates of each surface speckle point were obtained [168]. With these settings, the
strain uncertainty was estimated to be approximate 0.1%. The force data from the load cell was
transmitted as an analogue signal to the Instron and DIC computers; both of which were
synchronised to record concurrently time-stamped stress readings and image frames.
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(a)

(b)

Figure 3.2. Experimental setup for mechanical tests coupled with (a) digital image correlation and
(b) synchrotron diffraction in transmission mode.

3.3.2 Cyclic loading-unloading tensile test on Instron 1341 with digital image correlation
For cyclic loading-unloading in tension, the test configuration was the same as in the uniaxial
monotonic tension (Section 3.3.1). Here, loading-unloading cycles involved 0.005 engineering
strain increments to the macroscopic strain per cycle and a loading-unloading speed of 0.48
mm∙min-1 . A total of 20 cycles were performed in order to obtain the macroscopic stress versus
strain curves that cover the stress plateau region during uniaxial monotonic tension.

3.3.3 Uniaxial monotonic tensile test with synchrotron X-ray diffraction
In-situ synchrotron diffraction measurements were performed in transmission geometry on
the Powder Diffraction beamline at the Australian Synchrotron, using 21 keV X-ray source
(wavelength 0.59041 Å) and a beam size of 1.0 × 0.5 mm2 along the axial/loading (vertical) and
transverse (horizontal) directions, respectively (Figs. 3.1b and 3.2b). For a detailed description of
the in-situ experiments undertaken on the beamline, the reader is referred to Refs. [169, 170]. The
sample-to-detector distance was 415.261 mm and the exposure time for each measurement was 240
s. The Debye-Scherrer rings were collected by a Mar345 image plate detector (345 mm diameter,
pixel size of 100 × 100 µm2 ). Prior to mechanical testing, calibration data from a LaB6 standard
(NIST Standard Reference Material SRM-660) was recorded. The lattice strain sensitivity is
estimated to be ±150 με for these measurements. The diffraction geometry and representative
Debye-Scherrer rings from the loaded NiTi sample are schematically shown in Fig. 3.2b. On the
image plate, azimuth angles (η) 90°and 270°refer to the axial/loading direction (Ax) while 0°and
180°refer to the transverse direction (Tr).
Uniaxial monotonic tensile testing was undertaken using a Deben Instruments 5 kN tensile
stage with the sample grips modified to suit synchrotron diffraction measurements in transmission
mode. The stage was controlled by the Deben Instruments MicroTest version 6.1.56 software at a
cross-head speed of 0.02 mm∙min-1 . During uniaxial tension, the samples were monotonically
loaded beyond the macroscopic stress plateau region, well into the slowly rising macroscopic stress
region and then unloaded; in order to cover all characteristic deformation stages. By pausing at
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macroscopic strains of interest, diffraction data from the centre of the gauge length (0 mm, Fig. 3.1b)
was collected throughout the experiment. In addition, spatially resolved diffraction data was also
collected at nine locations along the gauge length (i.e. - the centre of the gauge length and four
equispaced locations above and below the centre), for five select macroscopic strains within the
macroscopic stress plateau region. This was acquired by pausing the test and translating the stage
from -4 mm to +4 mm in steps of ±1 mm at 0.0125, 0.0202, 0.0280, 0.0384 and 0.0481 macroscopic
strains. The macroscopic engineering stress was converted from the force data recorded by the load
cell and the macroscopic engineering strain was determined by correlating the displacement data to
the macroscopic elastic stress-strain data from the digital image correlation measurements.

3.3.4 Cyclic loading-unloading tensile test with synchrotron X-ray diffraction
For cyclic loading-unloading in tension, the test configuration was the same as in the uniaxial
monotonic tension (Section 3.3.3). The 1st loading-unloading cycle involved 0.05 maximum
engineering strain, which was determined from the uniaxial monotonic tensile test such that the
localised phase transformation was captured at the centre of the gauge length. This was followed by
~0.015 engineering strain increments to the macroscopic strain for subsequent cycles. The loadingunloading speeds were the same (0.02 mm∙min-1 ). A total of 7 cycles were performed in order to
obtain the macroscopic stress versus strain curves that cover the stress plateau region during uniaxial
monotonic tension; as well as take into account the time for loading-unloading and data acquisition.
Diffraction data from the centre of the gauge length (0 mm, Fig. 3.1b) was collected by
pausing the test at strain points of interest per cycle. These include: (i) points at the start and middle
of the elastic region, (ii) the maximum stress point at the end of the elastic region, (iii) the onset and
the end of the macroscopic stress plateau region, (iv) points at the middle and two -thirds through
the unloading region and, (v) the point at zero load after unloading is complete.

3.4 Microstructure characterisation techniques
3.4.1 Optical microscopy
For metallographic examination, the electro-polished bulk samples were etched in Kroll’s
reagent (2.75% hydrofluoric acid + 5.5% nitric acid + 91.75% distilled water by volume) for 45 s.
Optical micrographs were taken on a Leica DM 6000M optical microscope.

3.4.2 Electron back-scattering diffraction
Electron back-scattering diffraction (EBSD) enables routinely determining individual grain
orientations, local texture, point-to-point orientation correlations, and phase identification and
distributions near the surfaces of bulk polycrystals. From the same sampling area, the morphology
of microstructure is characterised in detail by the orientation contrast in back-scattering electron
images.
EBSD operates by tilting a flat, highly polished (or as-deposited thin film) sample at an angle
of 70°to the horizontal direction in order to reduce the travelling path of the back-scattered electrons
excited out of the sample surface and enhance back-scattered signal (Fig. 3.3) [171]. Incident
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electron beam interacts with sample volume; the excited back-scattered electrons that are ~50 nm
from sample surface can produce Kikuchi patterns via diffraction. The three-dimensional diffracted
cones are projected on the low-luminosity phosphor screen and shown as intersecting bands
(electron back-scattering patterns, EBSP). Thereafter, these bands are transferred by CCD camera
and processed by computer system via Hough transformation and indexed using parameters such as
position, width, strength, angles between bands with reference to the input phase data; consequently,
the corresponding Miller indices, zone axis, and orientation of individual grains with respect to the
sample coordinates are calculated.

(a)

(b)

Figure 3.3. (a) Schematic arrangement of sample orientation in the SEM and (b) electron
interaction with crystalline material, adopted from Ref. [171].

From the electron back-scattering patterns (EBSP), the band contrast, mean angular deviation
and orientation information are obtained. Band contrast describes the average intensity of the
Kikuchi bands with respect to the overall intensity within the EBSP. It is derived from Hough
transform and its values are scaled to a byte range from 0 to 255. The mean angular deviation
evaluates the discrepancy between the simulated EBSP and the actual EBSP and is given in degrees
specifying the averaged angular misfit. Orientation information is recorded using three Euler angles
that describe a minimum set of rotations which can bring one orientation into coincidence with
another.
In the present work, EBSD was performed on a JEOL JSM-7001F field emission gunscanning electron microscope operating at 15 kV, ~6.5 nA probe current 12 mm working distance
and fitted with an Oxford Instruments Nordlys-II(S) camera interfacing with the AZtec acquisition
software suite. The scanned area, step size and time of acquisition were taken into account for the
solution-treated and deformed samples with two grain size conditions.
The EBSD maps were post-processed using the Oxford Instruments Channel-5 software suite.
The maps were cleaned by removing the wild spikes, cyclic extrapolation of zero solutions to five
neighbours and thresholding the band contrast to delineate unindexed regions. The B2 and B19′
phases and unindexed regions were identified. For all calculations, a minimum area of ten pixels
was used to identify subgrain/grain structures and a critical misorientation of 2°was selected for
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grain reconstruction. Misorientations between 2°and 15°and greater than 15°are classified as lowangle dislocation boundaries (sub-boundaries) and high-angle grain boundaries (HAGBs),
respectively. The Kernel Average Misorientation (KAM) maps were computed using a 3×3 square
filter and a critical subgrain angle of 2°.
The KAM criterion was selected as a mean to qualitatively depict the intragranular
heterogeneity of plastic deformation and the correlated geometrically necessary dislocation activity
[127]. It calculates the average misorientation between a pixel i and its neighbours within a critical
subgrain angle and reflects the intragranular local misorientation. Hence, the local misorientation
assigned to the central point (Pi ) is the average of these misorientations as expressed by the Eq.
(3.1).
N

KAMPi =

1
∑ Δθij
N

(3.1)

j=1

where, KAMPi is the KAM value at pixel i, Δθij is the misorientation angle between pixels i and j, N
is the number of surrounding pixels that have a misorientation with pixel i within a critical sub-grain
angle.

3.4.3 Transmission electron microscopy
TEM allows detailed microstructural examination from micro-space to nano-space through
high-resolution and high magnification. Within a high vacuum environment, it utilises a focused
beam of high energy electrons to illuminate the sample and detects electrons that are transmitted
through the sample in order to produce images. Generally, TEM consists of illumination system,
imaging system and data collection system (control software) [172].
Different types of images such as bright field, dark field, and diffraction patterns can be
obtained (Fig. 3.4). Diffraction patterns form according to Bragg′s Law as the incident beam passes
through a crystalline sample. By inserting selected area diffraction (SAD) aperture, the region of
interest is delimited such that electron diffraction occurs within this region; consequently,
diffraction patterns are created at the back focal plane of the object lens.
Diffraction patterns appear as an array of dots when the sample is oriented along a zone axis
parallel to the incident beam direction; they are projected onto the viewing screen in a predictable
manner based on the crystal structure of the sample. Alternatively, diffraction patterns of concentric
rings occur when the sample consists of a large number of differently oriented crystals or when the
sample is amorphous.
Bright field images occur when the back focal plane of the objective lens is inserted with an
objective aperture that intercepts the diffracted beam and only allows the transmitted beam to pass
through (Fig. 3.4b). On the other hand, the objective aperture could be placed to intercept the
transmitted beam and allow the diffracted beam to contribute to the image (Fig. 3.4c). This is known
as dark field images that are useful for imaging specific crystallographic phases and crystal defects.
In the present work, the as-received and solution-treated samples were examined on a JEOL
JEM-2010 microscope operating at 200 kV with a Gatan charge coupled device (CCD) camera.
Bright field images were collected in order to show microstructural information; selected area
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diffraction patterns were taken for phase identification whereas dark field images were obtained to
reflect the corresponding diffracted morphology.

(a)

(b)

(c)

Figure 3.4. Schematic diagram of (a) SAD, (b) bright-field imaging and (c) centre dark-field
imaging, adopted from Ref. [172].

3.5 Analytical methods
3.5.1 Digital image correlation
Digital image correlation (DIC) is an optical non-contact deformation measurement method
that records and measures the displacement of objects on the surface of a sample gauge length by
correlating a reference image before loading and a sequence of images during loading [3, 16, 129].
Spatial domain image correlation is achieved by processing the pixels of the image directly. Before
mechanical testing, a speckled pattern is created along the sample gauge length. By tracking the
displacement of the pattern during loading, it is possible to study pattern evolution and calculate the
surface strain field along the sample gauge length; using a DIC algorithm. DIC has been applied
routinely to characterise strain fields during mechanical testing on various materials [3, 15, 16, 129,
130, 173]. Such measurement can be applied on different scale levels, e.g. - on the macroscopic
level (over the entire sample gauge length) or on the microscopic level (using the natural pattern in
micrographs).
In the present work, an in-house developed Matlab script was used to compute the
macroscopic engineering strain. The script identifies the grid locations of all speckle centroids along
the gauge length span for the first image frame (used as the reference image) and then calculates
their displacements in successive frames. For each successive frame, the average axial displacement
was used to compute the macroscopic average engineering strain. This was correlated with the
macroscopic engineering stress data obtained from the Instron computer to produce the macroscopic
stress versus strain curves.
Post-processing of strain contours was conducted using the Istra-4D software suite [129, 168,
174] as follows:
i.

Evaluation of the acquired data. In this process, the three-dimensional coordinates of the object
contour for each image (single measurement step) is determined. All images (or steps) are
correlated and the number of successfully solved facets is shown. Furthermore, the projection
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parameters can be defined here.
ii.

Setting correlation parameters. Here, a regular grid with equidistant grid points is laid over the
reference image of the reference camera. Each grid point defines the centre of a squared region
in the reference image, called facet (Fig. 3.5). Each facet has its characteristic stochastic pattern
with the required background contrast and the stochastic speckle pattern generated on it. The
image correlation algorithm uses these facets to determine the three-dimensional position and
tangential plane of the underlying object surface for each of the grid points.

iii.

Mask definition. For evaluation of the object contour, mask definition selects the region of
interest by drawing a closed multi-line border in the reference image. Thereafter, a marker is
set by clicking on an arbitrary position inside the given mask in order to initiate an evaluation.

iv.

Start point search. For each evaluation region, there must be at least one defined start point.
By default, the start point is at the position of the marker within the mask.

Figure 3.5. Schematic of displacement tracking of the speckle pattern using grid and facet,
adopted from Ref. [129].

The general scheme of tracking the displacement of the speckle pattern is: in the first step,
the sizes of the grids and facets are determined from the resolution of the pattern; then the point of
interest (P) is located (Fig. 3.5) [129]. The fixed grid is indicative of the exact location of the point
of interest. During loading, the change in the location of the point of interest is tracked by image
correlation using a pattern matching technique: eight subsets of pixels surrounding the point of
interest in the reference image are matched with similar sized subsets of pixels in the deformed
image; determined by maximising a cross correlation coefficient C between grey value patterns of
the two images.
C = F(x0 , y0 , g(x, y), h)

(3.2)

where, x0 and y0 indicate the centre point of the sub-image in the coordinate with the size M by N
pixels in the coordinate, g(x, y) is the pixel values at the point (x, y) in the reference image, h is the
grey values of the point (x, y) in the deformed image.
In the current processing, the spatial resolution was determined by selecting a facet size of
19 pixels and a grid spacing of 15 pixels. The maximum permissible values are selected to define
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the abort criteria of the correlation algorithm: accuracy of 0.2 pixels (the maximum acceptable value
for the correlation accuracy in pixel for each facet), residuum of 20 grey values (the maximum
acceptable value for the residuum of the correlation algorithm in grey values), and three-dimensional
residuum of 0.4 pixels (the maximum acceptable deviation of the pixel position found by the
correlation and the back projected object point in pixel). The evolution in axial and shear strains
along the entire gauge length was shown using contour maps via visualisation function.

3.5.2 High-energy synchrotron X-ray diffraction
3.5.2.1 Introduction to synchrotron X-ray diffraction
The principle of synchrotron science is based on the physical theory that moving electrons
(at velocities close to the speed of light) emit electromagnetic radiation when their forward direction
is changed. The emitted energy is of X-ray wavelength. A synchrotron is a large machine that
accelerates electrons (beam) to near the speed of light and deflects their orbit. The subsequent
electromagnetic radiation is emitted in a narrow cone along the forward direction, at a tangent to the
electron′s orbit.
The principal structures of a synchrotron (at the Australian Synchrotron) comprise:
i.

Electron gun. Electrons are emitted at frequency of several hundred MHz and they are
accelerated by a potential difference of 90 kV applied across the gun before moving into the
linear accelerator.

ii.

Linear accelerator (or linac). The electrons are accelerated in bunches at an acceleration
frequency of 3 GHz, to an energy of 100 MeV, enough for injection into the booster ring.

iii.

Booster ring. It is an electron synchrotron that takes the 100 MeV electron beam from the linac
to an energy of 3 GeV. Here the electron beam is accelerated by means of creating and
simultaneously strengthening (i.e. - synchronous ramping) the magnetic and electric fields.

iv.

Storage ring. It contains 14 nearly identical sectors. Each sector has a straight section and an
arc section. The straight section accommodates insertion devices such as multipole wiggler
and undulator that increase the intensity of synchrotron X-rays; whereas the arc section
contains two dipole bending magnets where synchrotron X-rays are generated. Furthermore,
the storage ring contains magnets for beam focusing, chromaticity corrections and orbit
corrections.

v.

Beamlines and end-stations. Here, synchrotron X-rays with appropriate wavelengths are
selected and focused for experiments.

3.5.2.2 Principles of diffraction
Diffraction is described by the Bragg′s Law [175],
2dhkl sinθ = nλ

(3.3)

where, λ = wavelength, θ = angle of the incident beam with respect to the [176] lattice plane of the
studied crystalline, dhkl = interplanar spacing of the [176] lattice plane, n = an integer defining the
order of reflection.
When Eq. (3.3) is satisfied, constructive interference of X-ray beams diffracted by the
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crystallite occurs. The principle of phase identification using diffraction is that each crystal has its
unique crystal structure, and thus unique diffraction pattern when irradiated under X-ray of a certain
wavelength. In cases of multi-phase material, the diffraction pattern is a mechanical combination
from that of each phase. Consequently, phases are identified by comparing the measured patterns
with the standard diffraction patterns [175].
In this work, the freeware Fit-2D [177] was used to convert the image plate data in Mar345
format to 16-bit tiff images. The beam centre and tilt of the detector/beam (roll, pitch, and yaw)
were calibrated using the diffraction ring pattern of the LaB6 standard. The acquired diffraction ring
patterns were segmented into 5°slices. With each slice, an X-Y plot of 2θ vs total X-ray intensity
was obtained. Therefore, each integrated diffraction spectrum is reflective of the microscopic
deformation behaviour within ±2.5°to the direction of interest (Fig. 3.2b).
From the obtained 2θ versus X-ray intensity diffraction spectra, information such as peak
positions, peak width (full width at half maximum, FWHM) of individual grain families and
integrated intensities can be extracted. In this regard, single peak fitting was performed on the
diffraction spectra corresponding to the axial/loading and transverse directions (i.e. - diffraction
spectra corresponding to η = 90°, 270°and η = 180°, respectively, Fig. 3.2b), using a Total pattern
analysis solutions (TOPAS) refinement code. All detected reflections were identified for the B2
(cubic, a = 0.3015 nm) and B19′ (monoclinic, a = 0.2889 nm, b = 0.4622 nm, c = 0.412 nm, γ =
96.8°) phases. In the case of the B2 phase, only the (110)B2 peak was fitted as the (200)B2 reflection
was too weak and consequently, excluded from the fitting (Fig. 3.2b).
For evaluating lattice strains (εhkl), the following equation is used:
dhkl -dhkl
0

εhkl =

dhkl
0

(3.4)

where, dhkl is the instantaneous lattice spacing at a given macroscopic strain. For the B2 phase, dhkl
0
is the reference lattice spacing at the start of the mechanical test. According to Ref. [18], the
reference lattice spacings of the B19′ grain families were selected when they first appeared along
the gauge length at low macroscopic strains during uniaxial monotonic tension. It follows that
relative lattice strains of the B19′ grain families were calculated using Eq. (3.4). The integrated
intensities from both loading and transverse directions were used to evaluate phase volume fractions
(V) based on the following equations [178]:
hkl
∑ (Ihkl
B2 /RB2 )

∑ (Ihkl
/Rhkl )
B19' B19'
R=(

=

VB2
VB19'

1
1+cos2 2θ
)] (e-2M )
) [|F|2 p ( 2
2
v
sin θ cosθ
VB2 +VB19' =1

(3.5)

(3.6)
(3.7)

where, I is the integrated intensity. The calculation of the R-value for each reflection involves v =
unit cell volume, F = structure factor for a given hkl reflection, p = multiplicity factor, e-2M =
temperature factor. Summing the integrated intensities of multiple B19′ reflections reduces the
possible effect of texture on calculating the phase fraction [178].
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3.5.2.3 Rietveld method for whole pattern refinement
The whole diffraction pattern was analysed through full profile fitting using Rietveld
refinement implemented in the Material Analysis Using Diffraction (MAUD) software suite. An
azimuth (η) range from 110°to 250°was used in order to exclude the shadowed region due to the
experimental setup. MAUD combines different approaches (e.g. - texture, stress, structure) and
experimental configurations.
During Rietveld refinement, a pseudo-Voigt peak profile function is used to model the whole
experimental diffraction patterns. Typically, the observed intensity yi, at any arbitrary selected point
i in the diffraction pattern, is generated by many Bragg reflections. The calculated intensities, yci,
are determined by summing the contributions from neighbouring Bragg reflections and the
background [175]:
yci = s ∑ LK |FK |2 Φ(2θi-2θK)PK A +ybi

(3.8)

K

where, s is the scale factor, K represents (hkl) indices for a Bragg reflection, LK considers the
Lorentz, polarization and multiplicity factors, FK is the structure factor for the Kth Bragg reflection,
Φ is the reflection profile function, PK is the preferred orientation function, A is an absorption factor,
𝑦𝑏𝑖 is the background intensity at the ith step and is represented by a polynomial function.
The refinement adopts an iterative least-square procedure that adjusts refinable parameters
(shown in Eq. (3.8)) until the global minimisation of the residual parameters (R factors, Eq. (3.9))
is reached, i.e. - a best fit of the whole calculated pattern to the whole observed pattern is achieved.
Various criteria of fit (R factors, Eq. (3.9)) are commonly used and defined in Table 3.3.
R= ∑ wi (yi -yci )

2

(3.9)

i

where, wi = 1⁄yi, yi = observed intensity at the ith step, yci = calculated intensity at the ith step, and
the sum estimates the overall fit of data points.
Table 3.3. Definition of R factors (IK is the intensity assigned to the Kth Bragg reflection at the
end of the refinement cycles). N is the number of observations (i.e. - the number of yi used) and
P is the number of parameters adjusted.
1/2

RF =

R-structure factor

∑(Iobs
K )
RB =

R-Bragg factor

Rwp = [

R-weighted pattern

1/2

calc
∑ |(Iobs
K ) -(IK ) |
1/2

calc
∑|Iobs
K -IK |
∑ Iobs
K

∑ wi (yobs
)
-ycalc
i
i
∑ wi (yobs
)
i

2

1/2

(N-P)
]
Re = [
∑ wi y2i

R-expected pattern (𝑅𝑒 )

S = Rwp ⁄Re

Goodness-of-fit indicator, S
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2 1/2

]

At the start of MAUD refinement, the “instrument option” was defined according to the setup
of synchrotron measurement. The background was represented by a 6th degree polynomial function.
Since the diffraction pattern is a combined result from both the instrument and the material, the
instrumental contribution to profile line broadening was taken into account using the Caglioti
equation [175]:
H2 = Utan2 θ + Vtanθ + W

(3.10)

where, H is the FWHM of the reflection profiles; U, V, and W are the refinable parameters. In
addition, instrumental asymmetry and symmetry as well as azimuth (η)-dependence of profile line
broadening of reflections were refined in the pseudo-Voigt instrument function. The diffraction ring
pattern of the LaB6 standard was applied for this purpose. The refined parameters were kept fixed
for subsequent assessment of sample contribution to the profile line broadening.
Refinement of the experimental diffraction rings was carried out following general steps [145,
146, 148, 149]:
i.

Refinement of intensities (the scale factor) and background polynomial function. Here, an
interpolated background (unique for each 2θ versus X-ray intensity diffraction spectrum) was
used.

ii.

Refinement of the lattice parameters of phases (B2 and B19′).

iii.

Refinement of texture. The tomography-based Extended Williams-Imhof-Matthies-Vinel (EWIMV) approach was selected.

iv.

Refinement of crystallite size and non-uniform micro-strain (root mean square, r.m.s. strain,
〈ε2 〉1⁄2 ). The Popa model considering anisotropic peak broadening was applied within MAUD.

v.

Refinement of phase stress. The moment pole stress with the “BulkPathGEO” micromechanical model was used to fit (η)-dependence of diffraction peak shifts. It takes into
account crystallographic texture.
In the following, applied models for texture, crystallite size and non-uniform micro-strain,
and phase stress are introduced. It should be mentioned that the crystal structure parameters (e.g. atomic positions, atom site occupancy and overall isotropic temperature factor) should be refined
only if necessary.

Extended Williams-Imhof-Matthies-Vinel (E-WIMV) approach
From the literature [33, 105], and the preliminary study of this alloy, it is known that the
samples possess an initial 〈111〉B2 fibre texture along the axial/loading direction. Moreover, uniaxial
tensile loading leads to the development of axisymmetric fibre texture. Texture is sufficiently strong
such that it was refined at an early stage of the refinement in order to provide reasonable initial
estimates of intensities for refining microstructure and stress.
The principle of pole figure measurement using synchrotron X-rays is similar to that using
laboratory X-rays. It is known that the variation of intensity along the Debye-Scherrer ring is
proportional to the pole intensity on the orientation sphere. Without rotating the sample (i.e. - with
only one diffraction ring pattern), pole figure coverage is limited to a pair of curved lines separated
by a distance of 2θ in an [176] pole figure, when viewed along the axial/loading direction [146, 149].
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Since axisymmetric texture is developed in both solution-treated and deformed samples, fibre
symmetry was imposed in order to improve on the effective pole figure coverage. Before imposing
fibre symmetry, the loading direction was checked such that it was in the centre of the MAUD pole
figure. This was achieved by setting the χ angle value to 90° in the “sample option”.
The E-WIMV approach [146, 149, 179-181] refines orientation distributions via an iterative
routine and accounts for irregular coverage of the orientation distribution space. Each orientation
distribution cell is assigned a value via an entropy iteration algorithm which includes the reflection
weights:
Mh

f

n+1

r

wh

P (y) n Mh
(g ) =f (g) ∏ [ hn ]
Ph (y)
n

(3.11)

m=1

where, f(g) is the orientation distribution function, Ph (y) is a correction factor describing preferred
orientations of phase in Eq. (3.8) and y is the orientation of the sample in pole figure space. fn (g)
and Pnh (y) are the refined values of f(g) and Ph (y) after the nth refinement cycle, respectively. rn is
a relaxation parameter such that 0 < rn < 1, Mh is the number of division points for the discretisation
of the integral of all orientations around the scattering vector of the pole figure, h. wh is the reflection
weights which takes into account the different accuracy of the more intense and less overlapped
reflections with respect to the smaller ones, and is calculated analogously to the weight factors of
the Rietveld analysis.
MAUD combines the Rietveld and E-WIMV procedures and is capable of conducting
quantitative texture analysis directly from the two-dimensional diffraction ring patterns. The current
refinement used a 10°grid size of the orientation distribution function and a tube weight function
exponent of 0.5.

Crystallite size and non-uniform micro-strain model
By inspecting the FWHM of reflection profiles in Fig. 3.6, it is seen that the (hkl)B19′ dependence of peak broadening is evident. Generally, the (0k0)B19′ peaks are sharp and those with
non-zero indices are relatively broader, suggesting anisotropy in the microstructure. In this regard,
the plastic strain-induced anisotropic peak broadening was evaluated in terms of crystallite size and
micro-strain (root mean square or r.m.s strain, 〈ε2 〉1⁄2 ) of the B2 and B19′ phases. The Delft line
broadening model combined with Popa anisotropic broadening rules were used [176, 182].
In the Popa model, the anisotropic broadening of the diffracted peaks caused by crystallite
size and non-uniform micro-strain has been derived according to Laue groups. Crystallite size refers
to the size of coherently diffracting domains within a crystal or grain such that the crystallites show
a degree of orientation-based similarity with each other. Micro-strain results from the local deviation
of d-spacings from their average value and is caused by the generation of local defects [183]. The
mismatch between crystallites and the variation of d-spacings leads to differences in diffraction
angle instead of peak shifts.
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(a)

(b)

Figure 3.6. Orientation dependence of the FWHM for B19′ grain families along (a) the axial and
(b) transverse directions at four representative macroscopic strains. Typical error bars are shown
for (12̅ 0)B19′ and are in the same order for the B19′ grain families.
⃗ is denoted as the theoretical lattice vector, and
Considering the diffraction of a given peak, ⃗H
⃗h is the unit vector of ⃗H
⃗ ; εhh = -ΔH/H is the relative change of the interplanar distance caused by
stress and 𝑅ℎ is the crystallite radius along ⃗h. 〈εhh 〉 and 〈Rh 〉 refer to polycrystal averages (over the
⃗ ). In this
orientations of crystallites, dimension distribution and the mean over the equivalents of 𝐻
derivation, it is hypothesised that the (hkl)-dependent strain 〈εhh 〉 is zero, thus 〈ε2hh 〉 is the dispersion
of -ΔH/H.
The micro-strain is related to the lattice plane spacing variation from one part of a grain to
another and can be described as the root mean square of the relative variation of the interplanar
spacing: r.m.s. strain, 〈ε2hh 〉1/2. Alternatively, 〈Rh 〉 is the average radius of a crystallite that refers to
the coherency domain rather than the entire grain. The coherency domain size corresponds to the
length of a “column” along which the interplanar distance is remained constant due to the absence
of structural defects.
The strain model is given as a combination of coefficients E and (ℎ𝑘𝑙) indices. For cubic
structure, the equation is,
〈ε2hh 〉E4H = E1 (h4 +k4 +l4 )+2E2 (h2 k2 +k2 l2 +l2 h2 )

(3.12)

For monoclinic structure, the equation is,
〈ε2hh 〉E4H = E1 h4 +E2 k4 +E3 l4 +2E4 h2 k2 +2E5 k2 l2
+2E6 h2 l2 +4E7 h3 k+4E8 hk3 +4E9 hkl2

(3.13)

where, EH = aH (a is the lattice parameter). In a fitting program, the coefficients E could be set as
E1 = E2 = E3 = E0 , E4 = E5 = E6 = E7 = E8 = E9 = 0 (the isotropic case), as a starting point for
anisotropic refinement.
For crystallite size model, 〈Rh 〉 can always be represented in a convergent series (an open
expression) of symmetrised spherical harmonics, and the coefficients are the refinable parameters.
The symmetrised spherical harmonics are the functions in the form of Pm2l (x)cosmφ or Pm2l (x)sinmφ.
The denotations l and m fulfil some selection rules proposed in Ref. [184].
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For cubic structure, the equation is,
〈Rh 〉 = R0 +R1 P(x, φ)+R2 P(x, φ)+…

(3.14)

For monoclinic structure, the equation is,
〈Rh 〉 = R0 +R1 P02 (x)+R2 P22 (x)cos2φ+R3 P22 (x)sin2φ+…

(3.15)

〈Rh 〉 is the mean crystallite size developed in a convergent series of symmetrised spherical
harmonics in the [hkl] direction, R0 is the mean crystallite size considering all the [ℎ𝑘𝑙] directions.
In the calculation, the crystallite size is given by the diameter rather than the radius as expressed in
Eqs. (3.14 and 3.15). x = cosΦ, where Φ and φ are the polar and azimuth angles in the sample
coordinate system, respectively. During the refinement, the actual number of refinable parameters
𝑅𝑛 depends on the crystallite anisotropy and is determined by successive refinements starting from
the isotropic case (〈Rh 〉 = R0). Rn can be increased by gradually increasing the spherical harmonic
order which has a maximum limit of 22, until the refinement could not be improved significantly.
For the present analysis, a harmonic order of 4 is sufficient to describe the structures of both phases
such that further refinement did not result in any significant improvement.

Phase stress model
The Moment pole stress was applied to fit the sinusoidal oscillations in d-spacing with
respect to the azimuth angle (η, Fig. 3.7a, c). In this model, the elastic tensors for both phases are
required in order to get a quantitative interpretation of the macro-stress state. The symmetric stress
tensor contains hydrostatic and deviatoric stress components. The hydrostatic stress component is
generally large and is accounted for by refining the lattice parameters. On the other hand, the
deviatoric stress component is small and is considered by assuming a linear stress-strain relationship
for small strains. Consequently, in the applied stress model, the deviatoric stress component is
refined in order to account for the sinusoidal oscillations in 𝑑-spacing; effectively eliminating errors
in fitting position and intensity maxima of all peaks.
With respect to the linear elasticity of a material, Hooke’s law can be rewritten in tensor form
[185]:
σ = Cε

(3.16)

1

where, σ is the Cauchy stress tensor and ε = 2 (Δu
⃗ +(Δu⃗ )T ) is the infinitesimal strain tensor, u is the
displacement in the material, C is the fourth-order elastic tensor to describe single-crystal elastic
constants (stiffness [C] or compliance [S] = [C]-1 ) and can be reduced to a symmetric elasticity
matrix (in Voigt’s notation) [186] as,
C11
Cijkl =Cαβ =

C12
C22

C13
C23
C33

[

C14
C24
C34
C44

C15
C25
C35
C45
C55

C16
C26
C36
C46
C56
C66 ]

(3.17)

Generally, single crystal will be anisotropic, which requires 21 independent elements to
define anisotropic elasticity, as shown in the matrix. However, the matrix can be simplified
depending on the level of symmetry of the crystal structure [187]. For cubic symmetry, only 3
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elements C11 , C12 and C44 are required to define the full elastic tensor (C11 = C22 = C33 , C12 =
C13 = C23 , C44 = C55 = C66 , other Cαβ values are zero). In contrast, 13 independent elements are
required to define the full elastic tensor for monoclinic system. As shown in Eq. (3.18), the nonitalic form corresponds to elements guaranteed to be equal to zero.
C11
Cijkl =Cαβ =

C12
C22

C13
C23
C33

C14
C24
C34
C44

C15
C25
C35
C45
C55

[

C16
C26
C36
C46
C56
C66 ]

(3.18)

In MAUD, there are five micro-mechanical models implemented in the Moment pole stress
model: Voigt, Reuss, Hill, PathGEO, BulkPathGEO. The Voigt method assumes the strains to be
continuous, whereas the stresses are allowed to be discontinuous; consequently, load between the
grains will not be in equilibrium. The Ruess method assumes all grains carry the same macroscopic
stress while the strains can be discontinuous; leaving the deformed grains separate. Furthermore,
̅ ] at the
the arithmetic means of these two models do not fulfil the “inverse criteria” [S̅ ] ≡ [C
̅ ]Voigt and [C
̅ ]Ruess ) are the upper and lower
macroscopic level. As a result, [S̅ ]Reuss and [S̅ ]Voigt ([C
̅ ]. The Hill approach combines the upper and lower
bounds for the true bulk quantities [S̅ ] and [C
bounds by assuming the average of the Voigt and the Reuss elastic constants to be a good
approximation for the actual macroscopic effective elastic constants [186].
Unlike the three methods mentioned above, the geometric approach follows the “inverse
⃗ ] and [C
⃗ ]) and macroscopic ([S̅ ] and [C
̅ ]) scales.
relation” for symmetry at both microscopic ([S
However, it only takes into account the influence of grains belonging to a given path in the threedimensional orientation space. In this regard, the bulk path geometric mean “BulkPathGEO” has
been deduced which combines the properties of the path ensemble with those of the full bulk
ensemble and obeys the “inversion relation”. It has been shown that “BulkPathGEO” describes the
elastic behaviour of real material better with texture taken into account [187-189].
In the current refinement, the elastic tensors for the B2 and B19′ phases were acquired from
Refs. [190, 191], with C11 = C22 = C33 = 178.2 GPa, C12 = C13 = C23 = 147.6 GPa, C44 = C55 = C66
= 178.2 GPa for the B2 phase; and the Eq. (3.19) for the B19′ phase. The deviatoric axial stress
component (σ33 ) (along the z-direction in Fig. 3.2b) is refined and is positive when the material is
under tension.
174.9
Cαβ (GPa)=

120 123.2
175.1 124.8
189

[

0
0
0
25.9

27
-9
4
0
25.8

0
0
0
-4
0
30]

(3.19)

Fig. 3.7 indicates reasonably good fits by applying these models in MAUD. Fig. 3.7a, c (top
and bottom) show representative fitted and experimental stack of diffraction spectra, respectively,
whereas Fig. 3.7b, d depict representative diffraction spectra along the axial (η = 90°) and transverse
(η = 180°) directions.
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(a)

(b)

(c)

(d)

Figure 3.7. (a, c) Representative stacks of the experimental (bottom) and fitted (top) diffraction
spectra for (a) x = -4 mm, Fig. 3.1b and 0.0202 macroscopic strain, during uniaxial monotonic
tension and for (c) x = 0 mm, Fig. 3.1b and the maximum applied strain of cycle C6 during cyclic
loading-unloading in tension. Reference d-spacings are indicated by dashed lines. (b, d)
Diffraction spectra along the axial (η = 90°) and transverse (η = 180°) directions for the same
loading condition in (a, c). Sample average grain size: 10 µm.
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Chapter 4
Microstructure characterisation before and after mechanical
testing
This chapter describes the microstructure (grain sizes, phase composition, local
crystallographic texture) of samples in the as-received, solution-treated and post-deformed
conditions, using the characterisation techniques introduced in Chapter 3.

4.1 Microstructure characterisation
In Fig. 4.1a, the microstructure of the as-received material consists of elongated grains with
major axis of 75 ± 28 μm along the drawing direction and minor axis of 35 ± 13 μm along the
perpendicular direction. The solution-treated (at 700 C) samples are characterised by recrystallised
equiaxed grains of ~10 ± 5.9 µm and ~100 ± 28 µm average size, after 120 s and 1.728 × 105 s
holding respectively. It is reported that the strip-like morphology inside grains, which is especially
pronounced in the as-received condition, is ascribed to strong textures at the grain scale that are
formed in the process of material manufacturing and heat treatment [192].

(a)

(b)

(c)

Figure 4.1. Optical micrographs of (a) as-received and (b, c) solution-treated samples. (b) grain
size of ~10 ±5.9 µm, (c) grain size of ~100 ±28 µm. Drawing direction = horizontal.

Figs. 4.2a and 4.2b present bright field images of the strip-like morphology and elongated
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sub-grain structure of the as-received material (Fig. 4.1a). The bright field images show orientation
contrast plus some dislocations in the sub-grains. The size of sub-grains is within ~100 nm. The
selected area diffraction patterns related to Fig. 4.2b and the indexed lattice planes are shown in Fig.
4.2c. Here, the B2 phase (cubic, a = 0.3015 nm), the B19′ phase (monoclinic, a = 0.2889 nm, b =
0.4622 nm, c = 0.412 nm, γ = 96.8°) and the R phase (hexagonal, a = b = 0.7347 nm, c = 0.5286 nm,
α = β = 90°, γ = 120°) were identified. It is shown that the as-received material has a B2 matrix, with
additional R and B19′ phases.

(a)

(b)

(c)
Figure 4.2. (a, b) TEM bright field images (from the circle in Fig. 4.1a) and (c) the corresponding
selected area diffraction patterns in (b) of the as-received sample.

Figs. 4.3a and 4.4a present the bright field images of the solution-treated samples. The
obtained grains exhibit low diffraction contrast, which suggests the absence of deformation. The
selected area diffraction patterns taken from various areas in such grains only show the presence of
B2 phase. Representative selected area diffraction patterns are shown in Figs. 4.3b and 4.4b. In
addition, no additional diffuse intensity is detected at the 1/3〈110〉*B2 and 2/3〈110〉*B2 positions along
the 〈110〉*B2 direction, which suggests no diffraction characteristic of the R phase. An example is
given in Fig. 4.3c. Thus, the selected heat treatment results in the presence of only stable B2 phase
in the NiTi alloy at room temperature.
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(a)

(b)

(c)
Figure 4.3. (a) TEM bright field image and (b) the representative selected area diffraction pattern
(zone axis [111]) from the circle in (a) of the 10 μm sample. (c) Intensity line scan along the
direction indicated by the red line in (b).

(a)

(b)

Figure 4.4. (a) TEM bright field image and (b) the representative selected area diffraction pattern
(zone axis [011]) from the circle in (a) of the 100 μm sample.

The EBSD maps in Figs. 4.5a and 4.6a show that cold drawing and solution-treatment results
in 10 µm and 100 µm grained samples comprising a single B2 (red) phase and a 〈111〉B2 fibre texture
parallel to the loading/axial direction. In Figs. 4.5b and 4.6b, the kernel average misorientation
(KAM) maps expectedly exemplify low intragranular local misorientation gradients (≤ 0.5°) in the
solution-treated microstructure. After mechanical testing, the retention of remnant B19′ (teal, Figs.
4.5c, 4.5e and 4.6c, 4.6e) grains is apparent. In Figs. 4.5d, 4.5f and 4.6d, 4.6f, the KAM maps reflect
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the intragranular heterogeneity of plastic deformation and the associated development of
geometrically necessary dislocations [193]. Upon unloading from uniaxial monotonic tension, the
phase area fraction with intragranular local misorientation > 0.5°is 0.265 for B2 and 0.273 for B19′
in the 10 µm sample (Fig. 4.5g); whereas the values are 0.806 for B2 and 0.431 for B19′ in the 100
µm sample (Fig. 4.6g). Localised high KAM values (≥ 1°) likely correspond to: (i) the B2 phase
that has experienced reversible transformation and (ii) the interface between the B2 and B19′ phases.
Upon unloading after cycle C20 of the cyclic loading-unloading test, 0.275 and 0.384 area fractions
with intragranular local misorientation larger than 0.5°were recorded for the B2 and B19′ phases,
respectively in the 10 µm sample; whereas the area fractions were 0.390 for B2 and 0.399 for B19′
in the 100 µm sample. In this case, localised high KAM values (≥ 1°) likely correspond to: (i) B2
phase that has experienced reversible transformation, (ii) the interface between the B2 and B19′
phases and, (iii) the remnant B19′ grains.

(a)

(b)

(c)

(d)

(e)

(f)
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(g)
Figure 4.5. Microstructure represented through (a, c, e) phase (B2 - red, B19′ - teal) and (b,
d, f) KAM maps; (a, b) before mechanical testing, and upon unloading after (c, d) uniaxial
monotonic tension and (e, f) loading-unloading for 20 cycles of the 10 μm sample. (g) KAM
distribution for both phases in conditions (a, c, e). In (a - f), the map horizontal is parallel to
the (a, b) axial direction of the solution-treated rod and (c - f) the loading direction. In (a),
the inset is an inverse pole figure in the axial direction of the solution-treated rod before
mechanical testing; maximum pole density (m.r.d) = 5.4.

(a)

(b)

(c)

(d)
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(e)

(f)

(g)
Figure 4.6. Microstructure represented through (a, c, e) phase (B2 - red, B19′ - teal) and (b,
d, f) KAM maps; (a, b) before mechanical testing, and upon unloading after uniaxial (c, d)
monotonic tension and (e, f) loading-unloading for 20 cycles of the 100 μm sample. (g) KAM
distribution for both phases in conditions (a, c, e). In (a -f), the map horizontal is parallel to
the (a, b) axial direction of the solution-treated rod and (c-f) the loading direction. In (a), the
inset is an inverse pole figure in the axial direction of the solution-treated rod before
mechanical testing; maximum pole density (m.r.d) = 9.2. The rectangle indicates a
representative region for KAM distribution shown in (b).

4.2 Conclusions
1. The as-received microstructure consists of strip-like morphology and elongated sub-grains
in the B2 matrix, with additional R and B19′ phases. After solution-treatment at 700 C, the
microstructure contains only B2 recrystallised equiaxed grains.
2. Cold drawing and solution-treatment results in a 〈111〉B2 fibre texture parallel to the
loading/axial direction and low KAM gradients (≤ 0.5°).
3 Uniaxial monotonic tension results in localised high KAM values (≥ 1°) in (i) the B2 phase
that has experienced reversible transformation and (ii) the interface between the B2 and B19′ phases.
In addition to this, cyclic loading-unloading also leads to high KAM gradients in the remnant B19′
grains.
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4. Compared to the coarse grains, smaller grains exhibit a lower intragranular local
misorientation in the B2 and remnant B19′ phases.
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Chapter 5
A digital image correlation study of a NiTi alloy subjected to
uniaxial monotonic and cyclic loading-unloading in tension
In this chapter, in-situ digital image correlation was used to study the samples with grain size
of 10 µm under the two proposed types of load paths, in terms of the pattern evolution of the
transformation band(s), local axial/shear strains and local axial strain rate.

5.1 Results
In this and the following chapters, the macroscopic engineering stress versus strain responses
are plotted and analysed, as they are commonly reported in the literature [3, 16, 136, 194]. In the
following paragraphs, all strains are axial unless explicitly stated otherwise. The macroscopic
average axial engineering strain (ε) is referred to as the macroscopic strain whereas the local axial
engineering strains and strain rates along the gauge length are referred to as local strains and strain
rates, respectively.

5.1.1 Uniaxial monotonic tension
Fig. 5.1a depicts the macroscopic engineering stress (σ) versus average strain (ε) curve during
uniaxial monotonic tension. For the points highlighted by red circles, the corresponding sequence
of full-field DIC images with varying scale bars are given in Fig. 5.2. The numbers indicate
characteristic stages at various macroscopic strain values whereas letters denote intermediate points
between stages.
The present 56Ni-44Ti alloy returned an apparent elastic modulus of 72.5 GPa (calculated
between 0-270 MPa and 0-0.0035 macroscopic strain) for the B2 phase, which is within the 40-90
GPa range reported in the literature [21]. Fig. 5.1a(inset) shows that the macroscopic stress: (i)
increases approximately linearly up to 295 MPa (points (1) to (a)), (ii) then deviates from linearity
causing an ~20 GPa drop in elastic modulus (points (b) to (2)), (iii) reaches a maximum value of
~325 MPa (point (2)), and (iv) thereafter reduces with the onset of the macroscopic stress plateau
region at ~295 MPa and 0.0058 macroscopic strain (points (2), (c), (d) and (3)). The macroscopic
stress plateau region extends up to ~320 MPa and 0.0944 macroscopic strain (point (4)) followed
by a rising macroscopic stress region (points (4) to (5)).
Comparing the above deformation stages with the DIC images in Fig. 5.2, it is seen that
within the elastic region, the macroscopic strain fluctuates while increasing gradually (points (1) to
(a)). The deviation from linearity (points (b) to (2)) is accompanied by local strain accumulation;
suggesting the nucleation of a B19′ domain at the lower end of the gauge length near the end of the
elastic region. Upon reaching the maximum stress, the subsequent reduction in stress corresponds
to the propagation of the local strain accumulation across the sample width, resulting in a
transformation band and stress relaxation in the sample bulk (points (2), (c), (d) and (3)). Point (3)
corresponds to the onset of the macroscopic stress plateau region and marks the full development of
the transformation band across the sample width (the local strain within the band is 0.05 whereas
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the macroscopic strain is only 0.0058) and the beginning of its forward propagation along the gauge
length. It follows that the transformation band divides the gauge length between transformed and
untransformed regions.

(a)

(b)

Figure 5.1. The macroscopic stress versus strain curve during (a) uniaxial monotonic tension and
(b) cyclic loading-unloading in tension. In (b), C1-C20 designate the cycle number. The red points
indicate the strain values at which DIC strain contours are provided; whereas the numbers and
letters indicate characteristic stages of deformation.

Figure 5.2. Selected DIC strain contours corresponding to the red points in Fig. 5.1a. 1-2:
deformation within the elastic region, 2-3: the initiation and development of a localised
transformation band, 3-4: propagation of the transformation band within the macroscopic stress
plateau region, 4-5: deformation within the slowly rising macroscopic stress region.

Within the macroscopic stress plateau region (points (3) to (4)), the mobile upper and lower
bands propagate upwards and downwards along the gauge length, respectively, suggesting the
progressive stress-induced phase transformation of B2 to B19′. Following the end of the
macroscopic stress plateau region (points (4) to (5)), the macroscopic stress begins to rise suggesting
that deformation accommodation by the B19′ phase proceeds uniformly.
However, it should be pointed out that the end of the macroscopic stress plateau region (point
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(4)) is not accompanied by the completion of the strain localisation process; such that the small
remnant pockets of the B2 phase finally transform at 0.0979 macroscopic strain. Once
transformation saturates, deformation accommodation proceeds uniformly along the gauge length.

5.1.1(a) Local strain fields and strain rate distributions during forward propagation of the
transformation band
To highlight the effect of strain localisation, Fig. 5.3a illustrates the variation in local strain
along the centre line of the gauge length for select macroscopic strains. Within the elastic region
(0.0051 macroscopic strain), the local strain imposed on the B2 phase is approximately uniform
throughout the gauge length. Between 0.0056 and 0.0114 macroscopic strains, an area of higher
strain nucleates and expands; indicating phase transformation within the transformation band. As
the band propagates along the gauge length between 0.0114 and 0.0944 macroscopic strains, the
local strain values within the untransformed region correspond to the onset value of the macroscopic
stress plateau region whereas, the values within the band correspond to the end of macroscopic stress
plateau region. Once the forward propagation of the transformation band along the gauge length is
complete (0.0979 macroscopic strain), the local strain along the gauge length is approximately
uniform and thereafter, increases uniformly (0.1284 macroscopic strain).
In Fig. 5.3b, an analysis of local strains (solid lines) and strain rates (ε̇ , dashed lines) along
the centre line of the gauge length is presented for macroscopic strains 0.0085 (blue lines) and
0.0608 (black lines). These macroscopic strains are between points 3 and 4 in Figs. 5.1a and 5.2,
such that 0.0085 is a macroscopic strain just after the onset of the macroscopic stress plateau region
whereas 0.0608 is a macroscopic strain towards the end of the macroscopic stress plateau region
when the forward propagation of the transformation band is well underway.
In both cases, and comparing with the local strain values, the local strain rates are: (i) close
to zero within the transformed and untransformed regions and, (ii) non-zero in the local strain
transition zone between the transformed and untransformed regions.
The range of non-zero strain rates span that region of the gauge length within which
transformation is current for any macroscopic strain within the macroscopic stress plateau region.
The maximum local strain rate corresponds to the mobile front of the transformation band and is
located in the middle of the local strain transition zone. It follows that changes in the position of the
maximum local strain rate can be used to track the overall direction of forward propagation of the
transformation band along the gauge length for the macroscopic strains within the macroscopic
stress plateau region.
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(a)

(b)

(c)
Figure 5.3. (a) Local strain fields along the centre line of the gauge length for select macroscopic
strains (according to Fig. 5.2). (b) Local strain and strain rate distributions at macroscopic strains
of 0.0085 (blue) and 0.0608 (black). (c) Evolution of the maximum local strain rates extracted
from the middle of the mobile transformation band. In (c), the circled numbers signify
characteristic stages of deformation (according to Figs. 5.1a and 5.2).

As per Ref. [16], Fig. 5.3c is a plot of the maximum local strain rates (ε̇ M) with respect to the
macroscopic strain. The changes to the maximum strain rates are generally analogous to the stages
seen in the macroscopic stress-strain curve (Fig. 5.1a). After strain localisation but prior to
transformation band formation (between 0.0054 and 0.0056 macroscopic strains or Region 1 in Fig.
5.3c), the maximum local strain rate ε̇ M is relatively low (~1.2 × 10-4 s-1 ) and is of the same order as
the macroscopic strain rate (1 × 10-4 s-1 ). Transformation band formation is reflected as a sharp
increase of the maximum local strain rate; with the latter 40 times higher than the macroscopic strain
rate (point 2). During the forward propagation of the transformation band within the macroscopic
stress plateau region (between points 3 and 4), ε̇ M fluctuates between 1.4-2.3 × 10-3 s-1 at an average
of ~1.7 × 10-3 s-1 , and is 15 times higher than the macroscopic strain rate or one time lower than the
local strain rate recorded at band formation. In the rising macroscopic stress region (between points
4 and 5), the magnitude of the local strain rate is once again similar to the macroscopic strain rate
at point 1.
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5.1.1(b) Characteristics of the mobile front of the transformation band
As calculated in the literature [12, 13, 105, 133-135] and shown in Fig. 5.4a, the mobile,
upper front of the transformation band is inclined at angle (η) of ~60°to the sample axial length.
Within the macroscopic stress plateau region, the sample does not undergo uniform elongation or
narrowing along its axial and transverse directions, respectively. For example, at 0.0264
macroscopic strain, a local ~2°kink is observed at the intersection of the mobile, upper front of the
transformation band and the sample edge. The kink disappears by 0.0721 macroscopic strain.

(a)

(b)

(c)

Figure 5.4. (a) The inclined transformation band, local kink (at ε = 0.0264) and band widening (at
ε = 0.0721) reflected on axial strain contours (left); representative shear strain contours are shown
(right). Shear strain distributions along the left (L), centre (C) and right (R) lines in (a) are shown
for macroscopic strains of (b) 0.0264 and (c) 0.0721.

In Figs. 5.4b and 5.4c, the local shear strains along the gauge length at the left (L, green lines),
centre (C, black lines) and right (R, blue lines) of the sample width are presented for 0.0264 and
0.0721 macroscopic strains, respectively. While the centre line is representative of the middle of the
sample width, the exact positions of the left and right lines were selected to cover distinct shear
variations across the mobile bands. Analogous to the maxima in local strain rates, the maxima in
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local shear strains along the left, centre and right lines correspond to: (i) the position of forward
propagation of the mobile fronts of transformation band and, (ii) the regions of the gauge length
within which transformation is current for any macroscopic strain within the macroscopic stress
plateau region. Furthermore, the distribution of local shear strains also serves to highlight the
geometry of the transformation band. The left and right lines show maxima and minima in shear
strain values for approximately the same position throughout the gauge length.

5.1.2 Cyclic loading-unloading in tension
Fig. 5.1b depicts the macroscopic engineering stress (σ) versus average strain (ε) curve
during cyclic loading-unloading in tension. Although the loading-unloading tests were undertaken
in 0.005 macroscopic strain increments per cycle (C) for a total 20 cycles, Fig. 5.1b shows cycles
C1 to C7 followed by cycles C17 to C20, to avoid cluttering the plot.
The corresponding sequence of full-field DIC images with varying scale bars are given in
Fig. 5.5 for cycles C2 to C5, C7 and C20. The numbers and letters indicate characteristic stages of
deformation at various macroscopic strain values. These include: (1) points at the start and (2)
middle of the elastic region, (3) the mid-point of deviation from elastic linearity, (4) the maximum
stress point, (5) the point of onset of the macroscopic stress plateau region after stress reduction is
complete, (6a) is the mid-point of a single macroscopic stress plateau region or just after stress
relaxation and the onset of a second macroscopic stress plateau region, (6b) is the end point of the
macroscopic stress plateau region, (7a, 7b) points that are one and two -thirds through the unloading
region and, (8) the point at zero load after unloading is complete. An example of selected points is
shown in Fig. 5.1b(inset), using the macroscopic stress versus strain curve of cycle C2. As the
macroscopic stress versus strain response has changed from plateau type to curvilinear elastic with
cycles, points (5) and (6a, 6b) for cycle C20 were selected at strain values where stress fluctuations
are concurrent due to phase transformation occurring between the existing transformation bands.
During cycle C1, the sample was unloaded within the elastic region just before reaching the
maximum stress point (compare Figs. 5.1a and 5.1b). Thus, the sample was cyclically loadedunloaded in tension within the macroscopic stress plateau region from cycle C2 onwards. Fig. 5.5a
clearly shows the development of local strain accumulations at points (3) and (4); suggesting the
nucleation of B19′ at the top and bottom ends of the gauge length towards the end of the elastic
region.
Following the maximum stress and its subsequent decrease, the onset of the macroscopic
stress plateau region corresponds to the propagation of the local strain accumulations across the
sample width at the top and bottom ends of the gauge length as seen in point (5). Points (6a) and
(6b) indicate the forward propagation of the top transformation band upwards and downwards along
the gauge length; with the transformation band dividing the gauge length between transformed and
untransformed regions.
During unloading, the macroscopic stress versus strain curve records a deviation from
linearity, a stress increment followed by a linear reduction in stress to zero load (Fig. 5.1b). The
stress increment is indicative of two mechanisms, i.e. - the elastic unloading of the B2 and B19′
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phases and reverse transformation of B19′ back to B2. In Fig. 5.5a, this is reflected in points (7a)
and (7b) by the reverse propagation of the top transformation band. Upon unloading to zero load,
approximately zero residual strain is observed (point (8)).
During cycle C3 (Fig. 5.5b), points (6a) and (6b) indicate the forward propagation of the
bottom transformation band upwards and downwards along the gauge length. Similar to cycle C2,
during unloading, the reverse propagation of the bottom transformation band occurs (points (7a) and
(7b)). Upon unloading to zero load, a residual strain of 0.01 is retained within the top and bottom
transformation bands (point (8)).
In cycle C4 (Fig. 5.1b), the elastic region and the maximum stress are immediately followed
by the macroscopic stress plateau region. No reduction in stress before the onset of the macroscopic
stress plateau region occurred. With the onset of the macroscopic stress plateau region, Fig. 5.5c,
points (4) and (5) shows that the majority of strain accommodation occurred within the pre-existing
bottom transformation band.
Following this, point (6a) evidences the forward propagation of the bottom transformation
band while the top transformation band propagates across the sample width and records higher strain
values. The latter results in stress relaxation in the sample bulk, which is recorded as a reduction in
the macroscopic stress prior to the onset of a new macroscopic stress plateau region (Fig. 5.1b). By
the end of this new stress plateau region (point (6b)), forward propagation of the top and bottom
transformation bands occurs. During unloading, the reverse propagation of the top and bottom
transformation band takes place (points (7a) and (7b)) such that at zero load a residual strain of
0.025 is retained within the bottom transformation band (point (8)).
In cycle C5 (Fig. 5.1b), the non-linearity in the elastic region is ascribed to the residual strain
carried over from the previous four cycles. Similar to cycle C4, the maximum stress is immediately
followed by a macroscopic stress plateau region; which corresponds to points (3) and (4) with strain
accommodation occurring within the pre-existing top and bottom transformation bands. Points (5)
and (6a) show the development and propagation of a new transformation band inclined at ~60°crisscrossing the pre-existing bottom transformation band inclined at ~120°. Once again, this results in
stress relaxation in the sample bulk, which is recorded as a reduction in the macroscopic stress prior
to the onset of a new macroscopic stress plateau (Fig. 5.1b). Up to the end of this new stress plateau
region (point (6b)), forward propagation of all three transformation bands located at the top and
bottom of the gauge length occurs. This is followed by reverse propagation on unloading (points
(7a) and (7b)). At zero load, a residual strain of 0.04 is retained within the top and bottom
transformation bands (point (8)).
During cycle C7 (Figs. 5.1b and 5.5e), greater non-linearity in the elastic region is ascribed
to the higher residual strains carried over from previous cycles. This results in greater strain
accommodation within pre-existing transformation bands and the further development and forward
propagation of new, criss-crossing bands from points (3) to (6b). Unloading results in the reverse
propagation of all bands (points (7a) and (7b)) and the retention of higher residual strains at zero
load (point (8)).
Between cycles C1 and C7, the macroscopic stress versus strain curve shows a distinct

94

change from manifesting one or two stress plateau(s). Alternatively, between cycles C17 and C20,
the macroscopic stress versus strain curve shows a curvilinear elastic region followed by stress
fluctuations (Fig. 5.1b). In cycle C20 (Fig. 5.5f), the curvilinearity upon loading is ascribed to strain
accommodation mainly occurring within the criss-crossing transformation bands remained
throughout the gauge length (points (1) to (4)), which is a result of increasingly accumulated residual
strains from previous cycles. Additional phase transformation occurs in regions between the crisscrossing transformation bands (points (5) to (6b)), which leads to stress fluctuations following the
elastic region. During unloading, local strain is decreased within the transformation bands but no
reverse propagation of the bands occurs. This is due to the increased residual strains distributed
uniformly along the gauge length.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.5. DIC strain contours for selected loading-unloading cycles: (a) C2, (b-d) C3 to C5, (e)
C7 and (f) C20. The numbers and letters indicate the corresponding loading stages described in
the text. The left (L), centre (C) and right (R) lines marked in (c, e) indicate data presentation in
Figs. 5.6 and 5.7.
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5.1.2(a) Local strain fields and strain rate distributions during forward and reverse propagation of
transformation bands
Figs. 5.6 and 5.7 illustrate the variation in local strain and strain rate along the left, centre
and right of the gauge length for select macroscopic strains (corresponding to points (1) to (8) in
Fig. 5.5) for cycles C4 and C7. While the centre line (C) is representative of the middle of the sample
width, the exact positions of the left (L) and right (R) lines were selected to cover distinct local
strain and strain rate variations across the mobile bands. Cycle C4 is the last cycle comprising single
transformation bands located at the top and bottom of the gauge length whereas cycle C7 is
representative of the ongoing development and propagation of criss-crossing transformation bands.
Analogous to Figs. 5.3a and 5.3b, during loading (points (1) to (6b)), an increase in local
strain values occurs. The transition zones of local strains correspond to the maxima in local strain
rates along the left, centre and right lines. In turn, they are correlated to: (i) the position of forward
propagation of the mobile fronts of transformation bands and, (ii) the regions of the gauge length
within which transformation is current for any macroscopic strain. During unloading (points (7a) to
(8)), a decrease in value of the local strain maxima (i.e. - within a transformation band) is
accompanied by a change in sign of the strain rate from positive to negative. They correspond to the
reverse propagation of the mobile fronts of transformation bands.

(a)

(b)

(c)

Figure 5.6. Local strain (upper) and strain rate (lower) distributions along left (a), centre (b) and
right (c) lines of the gauge length for cycle C4. The numbers and letters correspond to those in
Fig. 5.5.
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(a)

(b)

(c)

Figure 5.7. Local strain (upper) and strain rate (lower) distributions along left (a), centre (b) and
right (c) lines of the gauge length for cycle C7. The numbers and letters correspond to those in
Fig. 5.5.

5.2 Discussion
5.2.1 Factors affecting phase transformation during uniaxial monotonic tension
For uniaxial monotonic tension, factors affecting phase transformation are discussed and the
macroscopic stress versus strain response is compared with the literature. In polycrystalline NiTi
alloys, phase transformation readily initiates in grains that are favourably oriented with respect to
the macroscopic loading direction [3-5, 16]. In the solution-treated material in the present work, the
predominantly 〈111〉B2 grains of the B2 phase (inset in Fig. 4.5) are suitably oriented for
transformation to the B19′ phase during tension [4, 12, 136].
Brinson et al. [138] reported that as much as ~30% by volume of unfavourably oriented B2
grains may remain potentially untransformed after the mobile front of a transformation band sweeps
over a portion of the gauge length. It follows that the higher stresses needed to transform the remnant
B2 grains within the band to B19′ would result in large fluctuations in stress within the macroscopic
stress plateau region. However, as shown in Fig. 5.1a, the macroscopic stress only fluctuates by a
maximum of ±10 MPa within the macroscopic stress plateau region.
Furthermore, the propagation of transformation bands is intrinsically linked with latent heat
release at their mobile fronts. When the sample thickness-to-length ratio or the loading speed is
increased, the mobile front is unable to release latent heat sufficiently. This results in changes to the
deformation accommodation behaviour such that single inclined band propagation gives way to
multiple but similarly inclined bands, which then gives way to uniform strain along the gauge length
[3-5, 16]. In the present mechanical tests, a small 1:18 sample thickness-to-length ratio is coupled
with a slow crosshead speed of 0.48 mm∙min-1 , which corresponds to an initial strain rate of 1 × 10-4
s-1 .
Consequently, favourably oriented 〈111〉B2 grains, a small sample thickness-to-length ratio
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and a slow crosshead speed result in a stress fluctuation of ±10 MPa within the macroscopic stress
plateau region and a nominal transformation strain of 0.0881 [4].
The small stress fluctuation indicates ease in the propagation of a single transformation band
along the entire gauge length without necessitating the development of multiple transformation
bands. On the other hand, the large value of nominal transformation strain suggests the extensive
phase transformation of B2 to B19′ within the transformation band.

5.2.2 Deviation from elastic linearity during mechanical testing
As shown in Fig. 5.1a(inset), the deviation from linearity following the elastic region is
followed by a stress reduction and an extended macroscopic stress plateau region [3, 64, 111].
Brinson et al. [138] provided in-situ optical microscopy evidence showing that at ~0.007
macroscopic strain, which is prior to the onset of the macroscopic stress plateau region, B19′ variants
form within isolated B2 grains throughout the gauge length. Consequently, the deviation from
elastic linearity indicates the initiation of phase transformation within B2 grains that are
preferentially oriented with respect to the macroscopic loading direction.
Fig. 5.1a and cycle C1 in Fig. 5.1b indicate that the B2 phase becomes unstable towards the
end of the elastic region [5]. The stress enhancement provided by the geometry of the dog-bone
samples leads to local stress accumulations near the ends of the gauge length, which in turn provides
the activation energy for stress-induced transformation to B19′. Once B19′ forms, the local strain
accumulations propagate across the sample width, resulting in a transformation band and stress
relaxation/reduction in the sample bulk. The subsequent forward propagation of the band upwards
and downwards along the gauge length and the ongoing phase transformation of remnant B2 grains
within the bands results in stress fluctuations in the macroscopic stress plateau region. This
phenomenon is clearly seen in points (c) to (3) in Fig. 5.2, points (4) to (6a) in cycle C2 in Fig. 5.5a.

5.2.3 Variation in local strain rates during mechanical testing
A study of the changes in local strain rates within Lüders bands of a Mg alloy subjected to
tension [173] found that the maximum local strain rate was located at the mobile front of the
propagating band. Schaefer and Wagner [16] performed uniaxial monotonic tension on a NiTi alloy
and studied the local strain rate at one select macroscopic strain within the macroscopic stress
plateau region. They showed that the maximum local strain rate is one order of magnitude higher
than the macroscopic strain rate.
Kim and Daly [15] studied the individual velocities of multiple propagating bands during
tension of NiTi alloy. Given constant mechanical testing parameters, they found that regardless of
the number of propagating bands that form during a test, the sum of the maximum velocities of
individual bands resulted in approximately the same value as that of a single band.
This study expands the findings in Ref. [16] by extracting the maximum local strain rates for
1

This value is calculated by subtracting the macroscopic strain at maximum stress (associated with the

onset of transformation) from the macroscopic strain at the end of the macroscopic stress plateau region (i.e. the macroscopic strain at points 2 and 4 in Fig. 5.1a).
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all time steps in both types of tests. Their evolution with macroscopic strain is studied. In this regard,
the present mechanical tests show a single transformation band during uniaxial monotonic tension
(Fig. 5.2), two transformation bands in cycle C4 (Fig. 5.5c) and up to six transformation bands in
cycle C7 (Fig. 5.5e). Moreover, within the macroscopic stress plateau region, the maximum local
strain rates of individual bands during cyclic loading in tension are lower than the maximum local
strain rate during uniaxial monotonic tension. However, and analogous to Ref. [15], we find that the
sum of the maximum local strain rates of individual bands during cyclic loading (1.3-1.9 × 10-3 s-1 )
is approximately the same value as the maximum local strain rates of the single transformation band
during uniaxial monotonic tension (1.4-2.3 × 10-3 s-1 ). Consequently, we propose that the maximum
local strain rate within the macroscopic stress plateau region may also be applied as a descriptive
indicator to understand the influence of loading rate on superelastic behaviour and phase
transformation in strain rate-dependent studies. On the other hand, the sum of the maximum local
strain rates of individual bands during cyclic unloading is less, compared with its counterpart during
loading (Figs. 5.6 and 5.7). However, it should be noted that in this test condition, the unloading
stress versus strain curve is a combined response due to the elastic unloading of the B2 and B19′
phases, and reverse transformation of B19′ back to B2. Consequently, the maximum strain rates of
individual transformation bands upon unloading are not comparable with that upon loading; the
latter are extracted from regions where only transformation of B2 to B19′ is occurring (within the
mobile bands).

5.2.4 Criss-cross transformation band formation during cyclic loading-unloading in tension
The observation of: (i) a widening of a single inclined transformation band and (ii) the
generation of multiple criss-crossing transformation bands, provides insights into the mechanism of
phase transformation under the applied test conditions. Kinking and straightening of the sample
edge is rationalised with the build-up of an asymmetric in-plane moment due to local shear strains
near the band front; the latter was suggested in Ref. [13].
As seen in Fig. 5.4a, the mobile, upper front of the transformation band is inclined at angle
(η) of ~60°to the sample axial length such that at 0.0264 macroscopic strain, a local ~2°kink is
observed. On the other hand, the macroscopic stress plateau region of cycle C5 results in the
development and propagation of a new transformation band inclined at ~60°criss-crossing the preexisting bottom transformation band inclined at ~120°(Fig. 5.5d). This results in stress relaxation
in the sample bulk, which is recorded as a reduction in the macroscopic stress prior to the onset of
a new macroscopic stress plateau (Fig. 5.1b).
In the case of uniaxial monotonic tension, the local shear strain at the mobile front of the
transformation band leads to kinking of the gauge length as the magnitude of the moment increases.
The disappearance of the kink is associated with a moment relieving mechanism and is accompanied
by: (i) a widening of the mobile, upper front of the transformation band and, (ii) a straightening of
the sample edge.
In the case of the cyclic loading-unloading, when the moment with inclination angle η
reaches a local maximum value, the sample is unable to accommodate it any further. Consequently,
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the moment relieving mechanism involves the appearance of a new band whose characteristic
moment is of an opposite sign (-η) [13]. The criss-crossing pattern forms because of the new band
forming at the mobile front of a pre-existing band resulting in phase transformation of highly locally
strained B2 to B19′. This is accompanied by: (i) stress fluctuations in the macroscopic stress versus
strain curve and, (ii) a straightening of the sample edge.

5.2.5 Stress increases and residual strain upon unloading
In Fig. 5.1b a stress increment is seen for cycles C2 to C4 during unloading and is indicative
of reverse phase transformation of B19′ to B2. During unloading, the anisotropic changes to the
local stress fields surrounding low-symmetry monoclinic B19′ lead to the early reverse
transformation of particular variants to B2 while hindering the later reverse transformation of other
variants. In turn, the latter requires an increase in stress in order to overcome the residual strain and
reverse transform back to B2 [5].
The EBSD maps in this study (Chapter 4, Fig. 4.5) evidence the kernel average
misorientation of the B2 and remnant B19′ grains after deformation and links the microstructure
changes to the mechanical behaviour and pattern evolution of the transformation band(s) during
testing. Consequently, the KAM maps of the present NiTi alloy before mechanical testing (Fig.
4.5b), upon unloading after uniaxial monotonic tension up to point 5 in Fig. 5.1a (Fig. 4.5d) and
upon unloading after 20 cycles of loading-unloading in tension (Fig. 4.5f) are compared and the
results are shown in Chapter 4.
The literature on fatigue tests has suggested that during unloading, the formation of stable
remnant B19′ variants, along with de-twinning, grain reorientation effects and the retention of lattice
defects within B2 and remnant B19′ grains hinder the latter phase′s reverse transformation back to
B2 [14, 126, 127, 132, 137, 138, 140, 195, 196]. The combined effect of the above mechanisms
serves to increase the magnitude of residual strains upon unloading after each cycle along with a
progressive degradation in superelasticity.

5.3 Conclusions
Using DIC, the local axial/shear strain fields and strain rates were studied during two types
of mechanical tests involving uniaxial monotonic and cyclic loading-unloading in tension of a 56Ni44Ti wt.% shape memory alloy as follows:
1. The deviation from linearity in the macroscopic stress-strain curve suggests the initiation
of B2 to B19′ transformation. During uniaxial monotonic tension, the favourably oriented 〈111〉B2
grains, a small sample thickness-to-length ratio and a slow crosshead speed contribute to a relatively
small stress fluctuation of ±10 MPa within the macroscopic stress plateau region and a relatively
large nominal transformation strain of 0.088.
2. During loading in uniaxial monotonic tension and the 1st cycle in the cyclic loadingunloading, uniform deformation along the sample gauge length corresponds to a maximum local
strain rate ε̇ M equivalent to the macroscopic strain rate. The formation of transformation band is
reflected as a sharp increase of ε̇ M that is 40 times higher than the macroscopic strain rate. The sum
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of ε̇ M of individual bands is approximately equivalent and is one order of magnitude higher than the
macroscopic strain rate.
3. Widened transformation band and crossing patterns occur during uniaxial monotonic and
cyclic loading-unloading in tension, respectively. This relieves the in-plane moment due to local
shear strains and straightens the sample edge.
4. The high KAM values in the original B2 grains indicate dislocation and twinning activity,
which in turn leads to the retention of particular B19′ variants upon unloading. For cyclic loadingunloading test, this causes greater strain accommodation within pre-existing transformation bands
and non-linearity for subsequent loading cycles.
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Chapter 6
A comparative study of a NiTi alloy subjected to uniaxial
monotonic and cyclic loading-unloading in tension using digital
image correlation: The grain size effect
In this chapter, the samples with grain size of 100 µm were studied under the two proposed
types of load paths using digital image correlation and the results were compared with those in
Chapter 5.

6.1 Results
6.1.1 Uniaxial monotonic tension
Fig. 6.1a presents the macroscopic engineering stress (σ)-average strain (ε) curve during
uniaxial monotonic tension. The series of red circles indicate the macroscopic strains at which the
sequence of full-field DIC strain contours are shown in Fig. 6.2. The numbers and letters designate
characteristic and intermediate strains, respectively. In Fig. 6.2, different strain scales are applied in
order to clarify the local strain distribution at different deformation stages. In the following, Figs.
6.1a and 6.2 are discussed together as necessary.
The elastic region (points (1) to (a)) is characterised by a uniformly increasing local strain
along the gauge length. An apparent elastic modulus for the B2 phase was calculated between 0250 MPa and 0-0.0033 macroscopic strain. The obtained value was 72.5 GPa, which is within the
40-90 GPa range typically reported in the literature [21]. The deviation from linearity following the
elastic region (points (b) to (2), Fig. 6.1a (inset)) is associated with a B19′ domain of higher strain
nucleating at the upper half of the gauge length. Macroscopic stress relaxation occurs between points
(2) and (3) and reflects the development of the B19′ domain into a localised transformation band
across the sample width. The subsequent macroscopic stress plateau region (points (3) to (4))
extends up to ~297 MPa and 0.1097 macroscopic strain and is accompanied by the expansion of the
transformation band in both directions along the gauge length; suggesting the progressive stressinduced transformation of B2 to B19′. At this stage, the gauge length is sub-divided into the as-yet
untransformed B2 regions (with local strain of ~0.005), the apparently transformed region (B19′,
with local strain of ~0.11), and a narrow transformation band with strain transitions. By the end of
the macroscopic stress plateau region (point (4)), the majority of the gauge length has transformed
into the B19′ phase, with remnant pockets of the B2 phase continuing to transform until 0.1185
macroscopic strain in the slowly rising macroscopic stress region. Thereafter, the local strain
becomes uniform again along the gauge length, indicating homogeneous deformation
accommodation by the B19′ phase (point (5)).
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(a)

(b)

Figure 6.1. The macroscopic engineering stress versus engineering strain curve during uniaxial
(a) monotonic tension and (b) cyclic loading-unloading in tension. In (b), C1-C20 designate the
cycle number. The red points indicate the strain values at which DIC strain contours are provided;
whereas the numbers and letters indicate characteristic stages of deformation.

Figure 6.2. Selected DIC strain contours corresponding to the red points in Fig. 6.1a. Points 1-2:
deformation within the elastic region, points 2-3: the initiation and development of a localised
transformation band, points 3-4: forward propagation of the transformation band within the
macroscopic stress plateau region, points 4-5: deformation within the slowly rising macroscopic
stress region.

6.1.1(a) Investigation of local strain fields and strain rates upon deformation
Detailed local strain and local strain rate distributions along the centre line of the gauge
length are presented in Fig. 6.3. In Fig. 6.3a, 0.0041 macroscopic strain represents the elastic stage
which yields overall uniform local strains in the B2 phase. Between 0.0050 and 0.0073 macroscopic
strains, a region of higher local strain indicates the initiation of transformation. Between 0.0083 and
0.1097 macroscopic strains, the gauge length comprises: (i) B2 regions with local strains
corresponding to the onset value of the macroscopic stress plateau region and, (ii) B19′ region with
local strains corresponding to the end value of the macroscopic stress plateau region. Along the
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transformation band, the local strain records a continuous transition between the above two regions.
Upon the completion of band propagation (0.1185 and 0.1420 macroscopic strains), the gauge length
accommodates uniformly increasing macroscopic strains.
In Fig. 6.3b, the local strain rates (ε̇ , dashed lines) are studied at two select macroscopic
strains within the macroscopic stress plateau region. In this regard, 0.0190 macroscopic strain (blue
lines) corresponds to a newly formed transformation band whereas 0.0599 macroscopic strain (black
lines) represents ongoing band expansion. In both cases, and referring to the corresponding local
strain fields, the local strain rates are: (i) close to zero within the transformed and untransformed
regions and, (ii) non-zero along the mobile band within which transformation is current. Specifically,
the maximum local strain rates ε̇ M (peak maxima) are found in the middle of the local strain
transition zones and their positions follow the expansion of the transformation band along the gauge
length.

(a)

(b)

(c)
Figure 6.3. (a) Local strain fields along the centre line of the gauge length for select macroscopic
strains (according to Fig. 6.2). (b) Local strain and strain rate distributions at macroscopic strains
of 0.0190 (blue) and 0.0599 (black). (c) Evolution of the maximum local strain rates extracted
from the middle of the mobile transformation band. In (c), the circled numbers signify
characteristic stages of deformation (according to Figs. 6.1a and 6.2).
As per Ref. [16] and Fig. 6.3b, Fig. 6.3c is an extension of the maximum local strain rate ε̇ M
with respect to the macroscopic strain throughout the test. It is summarised that within the elastic
region (point (1)), ε̇ M is equivalent to the macroscopic strain rate (1 × 10-4 s-1 ). Thereafter, the
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nucleation of a transformation band is manifested as a sharp increase in ε̇ M which can be 50 times
higher than the macroscopic strain rate (point (2)). The expansion of the transformation band within
the macroscopic stress plateau region (between points (3) and (4)) corresponds to ε̇ M between
1.0-1.9 × 10-3 s-1 with an average of ~1.3 × 10-3 s-1 . In the slowly rising macroscopic stress region
(point (5)), ε̇ M is once again similar to the macroscopic strain rate (1 × 10-4 s-1 ).
6.1.1(b) Characteristics of the mobile front of the transformation band
In Fig. 6.4a, the transformation bands are illustrated on the axial strain contours. At 0.0190
macroscopic strain, the upper and lower mobile bands are inclined at angle η of ~60°to the sample
axial direction, which is in accordance with previous reports in the literature [12, 13, 105, 121, 133135]. A local kink of ~2°is highlighted at the intersection of the upper mobile front and the sample
edge. Such kinks diminish as the macroscopic strain increases, which is accompanied by a widening
of the pre-existing band front (see the black arrows, Fig. 6.4a, ε = 0.0404).

(a)

(b)

(c)

(d)

Figure 6.4. (a) Axial strain contours showing the inclined transformation band, local kink (at ε =
0.0190) and band widening (at ε = 0.0404), (b) the corresponding shear strain contours. Shear
strain distributions along the left (L), centre (C) and right (R) lines marked in (b) are shown for
macroscopic strains of (c) 0.0190 and (d) 0.0404.
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The corresponding shear strain distribution is shown in Fig. 6.4b. The shear strain reaches a
maxima in the transformed region and a minima in the untransformed region and it varies between
these extrema across the sample width along the transformation band. For the 0.0190 and 0.0404
macroscopic strains, Figs. 6.4c and 6.4d, respectively exemplify such variations of shear strain,
along the gauge length at the left (L, green lines), centre (C, black lines) and right (R, blue lines) of
the sample width. The selection of these three lines covers both, the characteristics at the centre of
the sample width and the specific shear variations across the sample width (through the left and right
lines). It is clear that at the upper band front, the opposite pattern of minima and maxima for the left
and right lines appears at approximately the same position whereas the evolution of shear extrema
is reversed for the lower band front. Such disparity at the band fronts is evident with increasing
macroscopic strain.

6.1.2 Cyclic loading-unloading in tension
The macroscopic engineering stress (σ)-average strain (ε) curve during cyclic loadingunloading in tension is shown in Fig. 6.1b. For clarity, only cycles C1, C3 to C8, and C18 to C20
are depicted. The corresponding full-field DIC strain contours in Fig. 6.5 cover the characteristics
of deformation for each selected cycle such that the selection of particular points of interest is
illustrated for cycle C3 (Fig. 6.1b (inset)) as follows: at the start (1) and middle (2) of the elastic
region; the mid-point of deviation from elastic linearity (3), the maximum stress point before stress
relaxation (4), the onset of the macroscopic stress plateau region after stress relaxation (5), the midpoint of a single macroscopic stress plateau region or just after stress relaxation and the onset of a
second macroscopic stress plateau region (6a), the end point of the macroscopic stress plateau region
(6b), points that are one (7a) and two -thirds (7b) through the unloading region and, the point at zero
load after unloading is completed (8). For cycle C20, the macroscopic stress-strain curve is
curvilinear elastic due to strain accommodation occurring mainly within the retained transformation
bands throughout the gauge length. In this regard, points (5) and (6a, 6b) refer to macroscopic
stress fluctuations which correspond to additional transformation occurring within the B2 pockets
between the pre-existing transformation bands.
During cycle C1, the sample was loaded to just beyond the end of the elastic region. In Fig.
6.5a, strain accumulation near the bottom of the gauge length (points (3) and (4)) suggests the
nucleation of B19′ towards the end of the elastic region. The subsequent reduction in macroscopic
stress corresponds to the complete development of the transformation band across the sample width
(points (5) to (6b)). During unloading, the macroscopic stress-strain curve records a non-linear
decrease in stress, followed by a stress increment and a linear decrease in stress. This suggests the
elastic unloading of the B2 and B19′ phases and the reverse transformation of B19′ back to B2.
These events are manifested by a shrinkage of the transformation band (points (7a) and (7b)).
Almost no residual strain is observed at zero load (point (8)).
Since the DIC strain contours for cycle C2 are similar to cycle C1, they are not shown here.
The only noticeable difference is a residual strain of ~0.01 that remained within the transformation
band after unloading. During cycle C3, the end of the elastic region is followed by a transitional
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macroscopic stress plateau, which indicates transformation occurring in the pre-existing bottom
band as well as the nucleation of a top transformation band (between points (4) and (5), Fig. 6.5b).
The following reduction in macroscopic stress to the onset of a new macroscopic stress plateau
region is associated with the full development of the top band across the sample width. The new
macroscopic stress plateau region corresponds to the expansion of the top transformation band
(points (6a) and (6b)). During unloading, the top and bottom transformation bands shrink such that
a residual strain of ~0.020 is retained within both bands at zero load (point (8)).
For cycle C4, the macroscopic stress-strain response is similar to cycle C3. In Fig. 6.5c,
points (3) and (4) indicate that at this stage, the macroscopic strain increment is accommodated
within the pre-existing, strained top and bottom transformation bands. Thereafter, a new
transformation band develops close and parallel to the pre-existing bottom one (points (4) to (6b)).
During unloading, all transformation bands shrink and reverse their propagation direction such that
~0.035 and ~0.022 residual strains remain in the top band and the two bottom bands, respectively
upon complete unloading (point (8)).
During cycle C5, the non-linearity in the elastic region is ascribed to transformation
occurring mainly in the pre-existing top and bottom transformation bands (points(2) and (3)). At
the bottom region of the gauge length, points (4) and (5) capture a second, new band forming at
~60°to the sample axial direction and criss-crossing the original band inclined at ~120°. Points (6a)
and (6b) record a third, new band criss-crossing the second band and parallel to the original band.
The development of such new transformation bands results in stress relaxation in the sample bulk
and new macroscopic stress plateaus. During unloading, the third, newest band almost transforms
back to B2, followed by the second, new band with ~0.040 residual strain and the original band with
up to ~0.070 residual strain (point (8)).
In the following cycles, transformation bands inclined at ~60°and ~120°to the sample axial
direction form alternately throughout the gauge length. During unloading, the most recently formed
bands tend to transform back more than the bands that formed earlier; with the latter experiencing
greater loading-unloading cycles and accumulating higher residual strains. Consequently, nonlinearity in the elastic region is increasingly noticeable. During cycle C8, new criss-crossing bands
(points (3) to (6b)) develop after strain accommodation reaches saturation within the pre-existing
bands. Unloading leads to the reverse propagation of all bands and higher residual strains, compared
to previous cycles upon unloading. At the start (point (1)) of cycle C20, the retained transformation
bands are distributed through the gauge length such that the macroscopic stress fluctuations are
caused by the transformation occurring in the left-over B2 regions between these bands (points (3)
to (6b)). Only limited reverse transformation occurs during unloading as a result of the accumulated
residual strain along the gauge length.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.5. DIC strain contours for selected loading-unloading cycles: (a) C1, (b-d) C3 to C5, (e)
C8 and (f) C20. The numbers and letters indicate the corresponding loading stages described in
the text. The left (L), centre (C) and right (R) lines marked in (c, e) indicate data presentation in
Figs. 6.6 and 6.7.

6.1.2(a) Investigation of local strain fields and strain rates upon deformation
Analogous to Figs. 6.3a and 6.3b, Figs. 6.6 and 6.7 demonstrate the local strain fields and
strain rates for cycles C4 and C8; which represent the development of single inclined and crisscrossing transformation bands, respectively. In this regard, data is presented at the left (L), centre
(C) and right (R) of the sample width in order to capture the characteristics at the middle of the
sample width as well as the distinct variations across the sample width.
The observed tendencies are similar to those seen during uniaxial monotonic tension (Section
3.1a). Along all three lines, the local strain rate is only non-zero within the mobile band(s). During
loading, the sum of the maximum local strain rates (peak maxima, ε̇ M) extracted from all individual
bands ( 1.1-1.4 × 10-3 s-1 ) is one order of magnitude higher than the macroscopic strain rate
(1 × 10-4 s-1 ). During unloading, negative local strain rates within the mobile band(s) signify reverse
transformation of B19′ back to B2. However, the sum of ε̇ M from all individual bands (in the order
of 10-4 s-1 ) is less than that during loading due to the various mechanisms that are active at this stage.
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(a)

(b)

(c)

Figure 6.6. Local axial strain (upper) and strain rate (lower) distributions along (a) left, (b) centre
and (c) right lines of the gauge length for cycle C4. The numbers and letters correspond to those
in Fig. 6.5.

(a)

(b)

(c)

Figure 6.7. Local axial strain (upper) and strain rate (lower) distributions along (a) left, (b) centre
and (c) right lines of the gauge length for cycle C8. The numbers and letters correspond to those
in Fig. 6.5.

6.1.3 Effect of grain size on the microstructure and macroscopic stress-strain responses
The EBSD maps (Chapter 4, Figs. 4.5 and 4.6) show that the only difference in the initial
microstructure in this chapter and in Chapter 5 is the average grain size. In the following paragraphs,
we compared the present results with those from Chapter 5. In order to assess the grain size effect
on the macroscopic stress-strain response, we first defined several parameters based on earlier
investigations of shape memory alloys [116-119, 161]. During uniaxial monotonic tension, the 10
µm and 100 µm samples exhibit similar trends as stated in the following. The transformation start
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stress (σs ) is defined as the macroscopic stress point corresponding to the deviation from linearity
following the elastic region [161]. The average stress levels of the macroscopic stress plateau
regions were assessed along with their standard deviation. The stress-strain slope of the macroscopic
stress plateau region was estimated by dividing the macroscopic stress difference at 0.010 and 0.080
macroscopic strains by 0.070 (the strain difference) for both samples. The complete plateau strain
(εc) is defined as the extent of macroscopic strain that encompasses the macroscopic stress plateau
region. By the end of the macroscopic stress plateau region the sample gauge length has apparently
fully transformed to the B19′ phase. Thereafter, further loading into the slowly rising macroscopic
stress region is mainly associated with the continued transformation of the remnant B2 phase, elastoplastic deformation and B19′ variant re-orientation [3, 21, 124]. In the case of the 10 µm sample,
the slope of the slowly rising stress region was calculated between 0.0955 and 0.1055 macroscopic
strains (Chapter 5, Fig. 5.1a) whereas for the 100 µm sample of this study, this value was calculated
between 0.1115 and 0.1215 macroscopic strains.
As shown in Table 6.1, the transformation start stress, the average macroscopic stress along
the plateau region, the stress-strain slope of the stress plateau region and the slowly rising stress
region are higher in the case of the 10 µm sample, while the complete plateau strain is only slightly
higher in the case of the 100 µm sample.

Table 6.1. Comparison between the transformation parameters of the 10 µm and 100 µm samples
during uniaxial monotonic tension.
Average grain size

Parameters

10±5.9 µm

100±28 µm

295 MPa

270 MPa

320±10 MPa

286±8 MPa

316 MPa

280 MPa

Complete plateau strain (εc)

0.0880

0.1045

Slope of the slowly rising stress region

14 GPa

5.2 GPa

Transformation start stress (σs )
Average macroscopic stress along the plateau
region
The stress-strain slope of the macroscopic
stress plateau region

During cyclic loading-unloading in tension, the transformation start stress (σs ), the absolute
residual strain (εUL) and the applied superelastic strain (εSE ) were plotted as functions of the number
of cycles (Fig. 6.8). As shown in Fig. 6.8b (inset), the applied superelastic strain is defined as εiSE =
εit - εie - εiUL , where εit , εie and εiUL refer to the applied strain, the genuine elastic strain (the elastic
strain upon unloading) and the residual strain for the ith cycle, respectively [118].
In Fig. 6.8a, both 10 µm and 100 µm samples show a progressive decrease in the
transformation start stress σs and an increase in the residual strain εUL with increasing number of
cycles. For all cycles, the 10 µm sample returned a higher transformation start stress σs and a slightly
smaller residual strain compared to the 100 µm sample. For both grain sizes, the accumulation of
residual strain εUL is insignificant (< 0.002) for the first three cycles, followed by a noticeable
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increase from cycle C4 onwards, such that it reaches ~0.06 at cycle C20. In Fig. 6.8b, the variation
in the grain size does not influence the magnitude of the superelastic strain εiSE with increasing
number of cycles. However, it is noted that the superelastic strain tends to increase during the first
few cycles and then progressively decreases thereafter. For the 10 µm sample, the maximum
superelastic strain is reached at cycle C4, whereas for the 100 µm sample this occurs later at cycle
C7.

(a)

(b)

Figure 6.8. Evolution of the (a) transformation start stress (σS) and the absolute residual strain
(εUL) and (b) superelastic strain (εSE) with the number of cycles for the 10 µm and 100 µm samples.
The definitions of these parameters are shown schematically in the inset in (b).

6.2 Discussion
6.2.1 The characteristics of the B2→B19′ phase transformation
In this section, we summarise the characteristics of the macroscopic stress-strain response
along with the DIC axial/shear strain contours. The predominantly 〈111〉B2 oriented grains (Fig. 4.6a)
favour the B2→B19′ phase transformation under uniaxial tension and result in transformation
proceeding progressively. In addition, a small 1:18 sample thickness-to-length ratio, and a slow
crosshead speed of 0.48 mm∙min-1 enable sufficient heat release within the existing band; instead of
inducing new transformation bands elsewhere along the gauge length. These factors suggest the ease
of transformation such as: (i) a relatively small stress fluctuation of ±8 MPa, (ii) a relatively large
complete B2→B19′ transformation strain of 0.1045 and, (iii) only one transformation band
expanding along the gauge length [3-5, 16, 138, 194].
During unloading, the increase in stress is associated with the reverse transformation of
particular B19′ variants back to B2, which causes anisotropic changes in the local stress fields. Since
the reverse transformation of other variants is hindered, a higher stress is required to overcome the
residual strain surrounding them and promote their reverse transformation back to B2 [5].
The non-zero values of local strain rates upon the nucleation and expansion of transformation
bands indicate that additional strain increments are only accommodated within the narrow bands.
The maxima in local strain rates ε̇ M varies within different bands (Figs. 6.3b, 6.6 and 6.7). However,
the sum of ε̇ M from individual bands is approximately the same regardless of test type, i.e. - it is an
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order of magnitude higher than the macroscopic strain rate. The values are comparable to those in
Chapter 5 and confirm the suggestion that ε̇ M can describe the influence of loading rate on phase
transformation in strain rate-dependent studies.
The morphology of the transformation band was reported to depend on (i) the sample
geometry and thickness, e.g. - spirals or spikes in a thin tube, a cone in a wire, front branching and
criss-cross pattern in thin strips, diffusive (widened) band front in thick strips and (ii) the bending
moment caused by the asymmetrically inclined band fronts. It was both experimentally and
theoretically shown that the thickness of the band front is in proportion to the sample thickness [197].
The thinner sample (0.2 mm thick) resulted in narrower band front and lower interfacial energy
density (the energy required to sustain an B2-B19′ interface) compared to the thicker sample (1 mm
thick).
In the case of 1 mm thick samples in the present work, as macroscopic strain is increased
upon uniaxial monotonic tension, the combination of (i) the relatively high interfacial energy density
that results in the transformation band hardly branching into narrow bands with an opposite
inclination angle and (ii) the increasing asymmetric in-plane moment caused by local shear strains
near the band front, contributes to a domain with an opposite moment distribution developing at the
pre-existing band fronts, in order to release the pre-existing high moment. These factors lead to a
widened transformation band front that gradually becomes perpendicular to the loading axis.
In the case of the cyclic loading-unloading, the asymmetric in-plane moment from all parallel
bands is high and increases constantly such that the existing bands (with an inclination angle, η) are
unable to accommodate it any further. Consequently, the moment relieving mechanism involves the
appearance of a new band whose characteristic moment is of an opposite sign (-η) [13]. Crisscrossing patterns form to straighten the sample edges due to new bands that develop at the mobile
front of a pre-existing band, resulting in phase transformation of highly locally strained B2 to B19′.

6.2.2 The residual strain upon unloading
The EBSD maps illustrate the origin of residual strain in the deformed samples in both tests.
For example, remnant B19′ phase and high intragranular misorientation gradients are evident in Figs.
4.6c to 4.6f. During the B2→B19′ phase transformation, dislocations are also introduced due to the
distortion stress field associated with the lattice shear as B19′ variants grow [14, 124, 126, 127, 132,
137, 138, 140, 195, 196]. Consequently, these dislocations stabilise the B19′ phase such that it may
not transform back during unloading, which leads to the observed macroscopic residual (irreversible)
strain. In the case of cyclic loading-unloading, previously formed transformation bands experience
more loading-unloading cycles and thus comprise relatively more stable B19′ with higher
dislocations content. This in turn makes it difficult for the B19′ located in these bands to transform
back to B2 upon unloading compared to the bands that form at later cycles (Fig. 6.5). The presence
of residual stress fields within the retained transformation bands after unloading promotes localised
transformation and plastic deformation at a relatively lower transformation start stress during the
next loading cycle. This also results in a greater non-linearity in the macroscopic stress-strain curve.
Increasing the macroscopic strain (number of loading-unloading cycles) leads to: (i) the
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development of new transformation bands at the pre-existing strained band front, (ii) a progressive
decrease in the transformation start stress and, (iii) the accumulation of residual strain after each
cycle and a progressive degradation in superelasticity.

6.2.3 The grain size effect
Our results show that an increase in grain size favours transformation by decreasing the
transformation start stress (σs ), the average stress level within the macroscopic stress plateau region,
and the stress-strain slope of the macroscopic stress plateau region, and increasing the complete
plateau strain (εc) and improving sustained superelastic properties for a larger number of loadingunloading cycles. During uniaxial monotonic tension of both 10 µm and 100 µm samples, the
macroscopic stress plateau regions are generally smooth and the complete B2→B19′ transformation
strains are relatively large. Such major similarities and relatively minor differences between the two
grain sizes are in contrast to the rather significant variations reported in other grain size-dependent
studies on NiTi alloys [4, 162]. The overall similarities in our results can be ascribed to the
favourable initial grain orientation, the sample geometry and the applied test conditions that
facilitate transformation as described in Section 5.2.1.
Alternatively, the observed differences in the mechanical response can be associated with
the effect of the grain size/sample thickness ratio on the transformation characteristics of individual
grains. Our 10 µm and 100 µm samples possess grain size/sample thickness ratios of 0.01 and 0.1,
respectively. The grain size effect was studied in Cu-based shape memory alloys in samples with
different thicknesses by applying a grain size/sample thickness ratio ranging from 0.01 to 6.0 [116119, 161]. It was reported that the transformation start stress, the stress-strain slope of the
macroscopic stress plateau region and the complete B2→B19′ transformation strain follow a HallPetch-type relationship with the grain size/sample thickness ratio as the grain boundaries act as
barriers to the propagation of shear from grain to grain [117, 119].
In the case of the cyclic loading-unloading tests, the grain size effect on the transformation
behaviour is apparent in the first cycles. As stated in Section 3.3, the cyclic tests were conducted by
loading in 0.005 macroscopic strain increments. For this strain increment, the 10 µm sample
experienced loading towards the end of the elastic region and thus underwent elastic loadingunloading during cycle C1 (refer to Chapter 5, Fig. 5.1b). In contrast, the loading path for the 100
µm sample was just beyond the end of the elastic region (0.0046 macroscopic strain), leading to the
nucleation of a B19′ domain and the spontaneous development of a transformation band. The
expansion of such transformation band results in macroscopic stress relaxation and an extension of
the macroscopic strain up to 0.0072 (Figs. 6.1 and 6.5a). Consequently, this difference in
macroscopic strain suggests less grain boundary constraint on the overall transformation in the
larger grain size sample. On the other hand, larger grain sizes indicate greater intragranular
heterogeneity of plastic deformation which is associated with slip activities (Fig. 4.6). The smaller
KAM values for both B2 and B19′ phases in the 10 µm sample are consistent with the slightly
smaller residual strain after every unloading cycle (Fig. 6.8a).
The nucleation and progression of the B2→B19′ phase transformation has also been studied
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from thermodynamics and kinetics points of view. It is accepted that the heterogeneous nucleation
of the B19′ phase is favoured by intrinsic lattice defects and stress enhancement due to sample
geometric defects [68, 97]. The subsequent progressive growth of the B19′ phase governs the
deformation behaviour of the bulk sample. Following Refs. [163-165], the Gibbs free energy change
'

'

( ΔGB2→B19 ) accompanying the B2→B19′ phase transformation is expressed as ΔGB2→B19 =
ΔGchem + Ee + Ei + Ed, where ΔGchem is the chemical free energy change per unit volume of the B2
and B19′ phases (or driving force); whereas Ee, Ei and Ed constitute the energy barrier per unit of
transformed volume. Here Ee is the elastic strain energy based on the assumption of elastic
accommodation during transformation shape change; Ei is the B2-B19′ interfacial energy and Ed is
the energy dissipation during transformation which is associated with B2-B19′ interfacial friction
and defect production. The variables used for calculating Ee, Ei and Ed include the test temperature,
loading rate, transformation strain (Eigen strain) and transformed volume in individual B2 grains
[165]. In addition, the effect of B2 grain size on the B2→B19′ phase transformation temperatures
was considered. In nanostructured NiTi alloys, a critical grain size of ~50 nm is detected for
thermally induced B2→B19′ transformation [198-200]. A grain boundary might be considered a
preferential site for thermally induced B2→B19′ transformation because it is an extensive defect.
However, in most cases, grain boundaries serve to stabilise the B2 phase and consequently decrease
Ms [200]. In the case of the recrystallised grains (grain size in the range of 10-100 µm), the effect
of grain size on Ms is supposed to be inferior to that of nanograins. By keeping the same test
condition and initial microstructure (and texture) and realising a complete transformation in
individual B2 grains (i.e. - uniform local strain values that are equal to the end value of the
macroscopic stress plateau region, Figs. 5.2 and 6.2), the effect of grain size on the energy variation
can be studied.
In the nucleation stage, the proportion of the interfacial energy is higher than that of the
elastic strain energy in constituting the energy barrier [163]. As the interfacial energy is inversely
proportional to the B19′ plate thickness [166], a decrease in grain size results in the formation of
B19′ phase with a reduced plate thickness [116] and raises the interfacial energy. This, in turn,
indicates that a greater energy is required to initiate transformation in the 10 µm sample compared
to the 100 µm sample. Once the nucleation energy barrier is overcome by the applied stress (i.e. when the applied stress reaches the transformation start stress), the B19′ nuclei cause a decrease in
the total free energy and the transformation proceeds spontaneously at a stress level lower than the
transformation start stress. During the growth of the B19′ phase, the elastic strain energy gradually
contributes more to the energy barrier than the interfacial energy [165]. For a sample with a smaller
grain size, the larger grain boundary area makes the shape changes associated with the
heterogeneous nature of the deformation (localised transformation) more difficult. Consequently, a
higher stress level within the macroscopic stress plateau region is required to: (i) overcome the
higher elastic resistance caused by the interaction between the growing B19′ phase and the high
intergranular constraint stress and (ii) produce the same amount of stress-induced B19′ with a
reduced plate thickness [116, 124]. In addition, the slightly higher residual strain after every cycle
in the 100 µm sample during the cyclic loading-unloading (Fig. 6.8a) can be associated with the

114

smaller elastic strain energy accumulated during loading, and the larger elastic strain energy
relaxation due to a greater plastic deformation during unloading. It follows that the lack of elastic
strain energy hinders reverse transformation and results in a higher residual strain.

6.3 Conclusions
A 56Ni-44Ti wt.% shape memory alloy with average grain size of 100 µm was studied under
uniaxial monotonic and cyclic loading-unloading in tension via DIC and compared to a previous
study of the same alloy with an average grain size of 10 µm. The conclusions are as follows:
1. Favourably oriented 〈111〉B2 grains, a small sample thickness-to-length ratio and a slow
crosshead speed favour the B2→B19′ phase transformation. During loading in uniaxial monotonic
tension and the 1st cycle in the cyclic loading-unloading, the maximum local strain rate (ε̇ M) reflects
the transformation characteristics: prior to and after the B2→B19′ phase transformation, ε̇ M is
equivalent to the macroscopic strain rate, whereas it increases to up to 50 times higher upon the
nucleation of a transformation band. The sum of ε̇ M from individual bands is one order of magnitude
higher than the macroscopic strain rate. The widened band front during uniaxial monotonic tension
and the criss-crossing bands during cyclic loading-unloading help relieve the in-plane moment due
to the local shear and straighten the sample edges.
2. In the cyclic loading-unloading test, the remnant B19′ phase, the plastic deformation in
the B2 grains and remnant B19′ variants contribute to the residual strain within the retained
transformation bands upon unloading. With increasing numbers of loading-unloading cycles, the
residual strain accumulates and hinders the reverse transformation of B19′ back to B2, which in turn,
causes greater non-linearity and degradation in superelasticity.
3. Decreasing the grain size results in a higher interfacial energy and elastic strain energy
barrier for transformation. Consequently, a smaller grain size yields a higher transformation start
stress, higher stress level and stress-strain slope within the macroscopic stress plateau region,
smaller complete B2→B19′ transformation strain under uniaxial monotonic tension and quickly
degraded superelastic properties under cyclic loading-unloading. On the other hand, smaller
intragranular heterogeneity of plastic deformation and residual strains are observed in the samples
with a smaller grain size.
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Chapter 7
An in-situ synchrotron study of the B2→B19′ phase
transformation in a Ni-Ti alloy subjected to uniaxial monotonic
tension
This chapter studies the localised B2→B19′ phase transformation in the sample with grain
size of 10 μm under uniaxial monotonic tension in a synchrotron. The micro-mechanical behaviour
was detailed via spatially resolved diffraction data acquired along the gauge length at strains of
interest and through the macroscopic stress-strain curve.

7.1 Results
7.1.1 Localised B2→B19′ phase transformation
Fig. 7.1 presents the typical macroscopic engineering stress (σ) versus strain (ε) response
during in-situ uniaxial monotonic tensile testing. The numbers (1) to (5) mark the characteristic
transitions along the macroscopic stress-strain curve. In-between these transitions, the combination
of number and alphabet index denotes intermediate macroscopic strains of interest. In this regard,
macroscopic strains (1) to (2) span from zero load, through the elastic region, up to ~410 MPa. The
present 56Ni-44Ti alloy returned an apparent elastic modulus of 73.1 GPa for the B2 phase, which
is within the 40-90 GPa range reported in the literature [21]. Macroscopic strains (2) to (3a) span
from the end of the elastic region, through the stress drop, and up to the onset of the stress plateau
region at ~360 MPa. Macroscopic strains (3a) to (4a) span the stress plateau region extending up
to ~370 MPa. Finally, macroscopic strains (3a) to (5) account for the slowly rising stress region.

Figure 7.1. The macroscopic stress-strain curve with characteristic transitions (numbers and
letters) during uniaxial monotonic tension. Squares denote the positions at which diffraction
measurements were performed. White - the elastic region, grey - the macroscopic stress plateau
region, black - the slowly rising macroscopic stress region.
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This section characterises the micro-mechanical behaviour of the B2 and B19′ phases. Fig.
7.2 shows the lattice strain evolution of the (110)B2 grain family as a function of the macroscopic
stress and strain along the axial and transverse directions at the centre of the gauge length. Within
the stress plateau region, the phase fraction, axial FWHM and lattice strains of the (110)B2 grain
family are studied by gathering spatially resolved diffraction data along the gauge length and
graphing the values using contour plots. These parameters are discussed in terms of detected location
within the transformation band, and in the untransformed and apparently transformed regions ahead
of and behind the transformation band, respectively (Fig. 7.3).
Similarly, the relative lattice strain data for various B19′ grain families obtained from the
centre of the gauge length is shown in Fig. 7.4. This is supplemented by contour plots that illustrating
the axial and transverse relative lattice strains for the (020)B19′ and (111)B19′ grain families within
the macroscopic stress plateau region (Fig. 7.5).
By sampling in the above manner: (i) data from the centre of the gauge length is
representative of the sample bulk for the elastic and slowly rising macroscopic stress regions, and
(ii) the contour plots detail localised transformation phenomena and track the propagation of the
transformation band along the gauge length within the macroscopic stress plateau region.
In Figs. 7.2a and 7.2b, the data recorded throughout the elastic region between macroscopic
strains (1) and (2) was used to estimate the mechanical properties of the B2 phase. The slopes of
macroscopic stress versus lattice strain along the axial (Ax) and transverse (Tr) directions returned
Young′s moduli of EAx = 82 GPa and ETr = 140 GPa and a Poisson′s ratio 𝜈 = 0.59 for the (110)B2
grain family [122]. Plotting the lattice strain against macroscopic strain (Fig. 7.2b) showed that
following the stress drop between macroscopic strains (2) and (3a), the onset of the stress plateau
region coincides with relaxation. The latter is denoted by decreases in the axial and transverse lattice
strains from ~4700 με to ~4100 με and from ~-2600 με to ~-2200 με, respectively and marks the
start of B2→B19′ phase transformation.

(a)

(b)

Figure 7.2. (a) The macroscopic stress versus lattice strain and (b) lattice strain versus
macroscopic strain for the (110)B2 grain family at the centre of the gauge length throughout the
experiment and along the axial (Ax) and transverse (Tr) directions. White - the elastic region,
grey - the macroscopic stress plateau region, black - the slowly rising macroscopic stress region.
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The relaxation in the lattice strain between macroscopic strains (3a) and (3d) at the centre
of the gauge length corresponds to the B2 phase in the untransformed region. It follows that the
overall macroscopic stress plateau region is better understood with the aid of the spatially resolved
in-situ measurements along the gauge length. As shown in Fig. 7.3a, the B19′ phase appears at the
bottom of the gauge length by ~macroscopic strain (3a), steadily propagates to the centre by
~macroscopic strain (3e), and apparently consumes the entire gauge length by macroscopic strain
(4a).
Between macroscopic strains (3a) and (3d) , the (110)B2 grain family within the
transformation band records increases in FWHM from ~0.06°to ~0.10°(Fig. 7.3b) and lattice strain
from ~3900 με to ~5300 με (Fig. 7.3c). In the apparently transformed region, these parameters are
higher but approximately stable throughout for the ~5 vol.% of remnant B2 phase. It follows that
during the propagation of the transformation band, the highly strained B2 phase within the
transformation band and apparently transformed regions leads to apparent relaxation of the B2 phase
within the untransformed region. Consequently, the lattice strains at the centre of the gauge length
between macroscopic strains (3b) and (3d) tend to cluster together and/or remain at approximately
the same value (Fig. 7.2).
Once the transformation band reaches the centre of the gauge length by macroscopic strain
(3e) and propagates past it by macroscopic strain (4a), the axial lattice strain of the remnant B2
phase records incremental increases up to 5200 με (Fig. 7.2b). Beyond macroscopic strain (4b), the
transverse diffraction signal is lost.
Since relative lattice strains are computed for the B19′ phase (see Chapter 3), their evolution
with respect to transformation is studied in Fig. 7.4 as a function of uniaxial, monotonic loading
from macroscopic strains (3e) through (5).
Between macroscopic strains (3e) and (4a) , the (12̅ 0)B19′ and (11̅ 1)B19′ grain families
appear along the axial direction only whereas the (002)B19′ grain family only appears along the
transverse direction. The (12̅ 0)B19′ grain family exhibits axial relative lattice strains that increase
from 2200 to 4100 με whereas the (002)B19′ grain family shows a decrease in transverse relative
lattice strain from -1900 to -4300 με. For the (11̅ 1)B19′ grain family, the axial relative lattice strain
is between ~-1100 and ~-900 με. The (020)B19′ and (111)B19′ grain families appear along both axial
and transverse directions. In this regard, the relative lattice strains of the (020)B19′ grain family
change from 550 to 1700 με along the axial direction and from 6200 to 5700 με along the transverse
direction. Alternatively, the (111)B19′ grain family records relative lattice strains of -1500 to -1200
με along the axial direction and 250 to -1200 με along the transverse direction.
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(a)

(b)

(c)
Figure 7.3. Contour plots showing (a) phase fraction, (b) axial FWHM and (c) lattice strain of the
(110)B2 grain family along the gauge length within the macroscopic stress plateau region.

Figure 7.4. The relative lattice strain versus the macroscopic strain evolution for the B19′ grain
families from the centre of the gauge length throughout the experiment. Axial direction (Ax) solid lines, transverse direction (Tr) - dashed lines. Grey - the macroscopic stress plateau region,
black - the slowly rising macroscopic stress region. The error bars are smaller than the symbol
size and are in the same order.
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The contour plots in Fig. 7.5 depict the evolution of the axial and transverse relative lattice
strains for the (020)B19′ and (111)B19′ grain families along the gauge length within the macroscopic
stress plateau region. Comparing these plots with Fig. 7.4 at macroscopic strains (3e) and (4a), it
is seen that the newly formed B19′ grain families exhibit a transition in relative lattice strain values
from the transformation band through to the apparently transformed region.

(a)

(b)

(c)

(d)

Figure 7.5. Contour plots showing the (a, c) axial and (b, d) transverse relative lattice strains for
the (a, b) (020)B19′ and (c, d) (111)B19′ grain families along the gauge length within the
macroscopic stress plateau region.
In Fig. 7.4, the data from the centre of the gauge length for macroscopic strains (4b) through
(5) is obtained within the slowly rising macroscopic stress region and corresponds to deformation
accommodation by the B19′ phase. From ~macroscopic strain (4c) corresponding to a critical stress
of ~426 MPa, deviations from linearity are noted in the relative lattice strains of the (12̅ 0)B19′ grain
family along the axial direction and the (020)B19′ grain family along the transverse direction. On
the other hand, the axial relative lattice strains of the (020)B19′ , (111)B19′ and (11̅ 1)B19′ grain
families and the transverse relative lattice strains of the (111)B19′ and (002)B19′ grain families
continue recording approximately linear trends up to macroscopic strain (5).
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7.1.2 Rietveld analysis
7.1.2(a) Crystallite size, micro-strain and phase stress
The data shown in Fig. 7.6 is representative of the centre of the gauge length. Fig. 7.6a
presents the evolution of crystallite size and micro-strain with respect to the macroscopic strain for
the (110)B2 grain family. Figs. 7.6b and 7.6c show the same for the various B19′ grain families.
In Fig. 7.6a, loading within the elastic region between macroscopic strains (1) and (2)
returned relatively large crystallite sizes (~1020±20 nm) and low non-uniform micro-strains
(~35±10 με). Within the macroscopic stress plateau region between macroscopic strains (3a) and
(3d), the crystallite size of the B2 phase is approximately constant while the gradual increase in
micro-strain values is indicative of the centre of the gauge length being affected by the approaching
transformation band. By macroscopic strain (3e), the transformation band reaches the centre of the
gauge length such that the (110)B2 peak broadens and the crystallite size reduces to ~100±14 nm
and the micro-strain increases markedly to ~200±15 με. Within the slowly rising macroscopic stress
region, both parameters are approximately constant and correspond to the large plastic strain
accommodated by the ~5 vol.% of remnant (110)B2 grains. All of the above are reflected in similar
changes to the FWHM values in Fig. 7.3b: (i) low values (~0.05°) within the untransformed region,
(ii) a transition from ~0.06°to ~0.10°within the transformation band, and (iii) higher values (~0.12°)
in the apparently transformed region.
For the B19′ grain families, the first data points are recorded within the macroscopic stress
plateau region at macroscopic strain (3e) (Figs. 7.6b and 7.6c). Within the slowly rising
macroscopic stress region, all B19′ grain families exhibit similar general trends comprising a
decrease in crystallite size and a concomitant increase in micro-strains. It is noted that the various
grain families exhibit an anisotropy in crystallite sizes and micro-strains at relatively low
macroscopic strains (for example - between macroscopic strains (3e) and (4b). The anisotropy
reduces markedly from macroscopic strain (4c) or critical stress ~426 MPa onwards.
In Fig. 7.7, the estimated 𝜎33 phase stresses borne by the B2 and B19′ phases within the
macroscopic stress plateau region are shown. Fig. 7.7 is analogous to the B2 phase volume fraction
(Fig. 7.3a) such that the B2 phase bears the majority of the uniaxial tensile load until its
transformation to B19′.
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(a)

(b)

(c)

Figure 7.6. Evolution of crystallite size and non-uniform micro-strain versus the macroscopic
strain for the (a) (110)B2 and (b, c) B19′ grain families from the centre of the gauge length. White
- the elastic region, grey - the macroscopic stress plateau region, black - the slowly rising
macroscopic stress region.

(a)

(b)

Figure 7.7. Contour plots showing phase stresses for the (a) B2 and (b) B19′ phases along the
gauge length within the macroscopic stress plateau region.
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7.1.2(b) Texture evolution
The inverse pole figures (IPFs) in Figs. 7.8 and 7.9 depict the texture evolution of the B2 and
B19′ phases within the macroscopic stress plateau and slowly rising macroscopic stress regions,
respectively. Fig. 7.8a is representative of the initial 〈111〉B2 fibre texture with a maximum intensity
f(g) = 3.8, comprising the (110)B2 grain family whose plane normals are parallel to the axial/loading
direction at macroscopic strain (2) in the centre of the gauge length. The obtained texture is
consistent with previous reports on drawn and shape-set NiTi alloys [4, 176, 201]. Figs. 7.8b-7.8f
correspond to IPFs of the remnant B2 phase within the transformation band between macroscopic
strains (3a) and (3e) in Fig. 7.3a. The B2 fraction declined with loading and fell below 5 vol.% on
reaching 0.10 macroscopic strain (points (4) and (5)). Therefore, the texture is not shown for such
low volume fraction of B2. Uniaxial tension results in an overall weakening of the 〈111〉B2 fibre
texture such that at macroscopic strain (3e) , the ~16 vol.% of remnant B2 phase returned a
maximum intensity f(g) = 2.2.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.8. Inverse pole figures along the axial/loading direction of the B2 phase obtained from:
(a) the untransformed region ((2), Fig. 7.1) and the propagating transformation band in Fig. 7.3a:
(b) ((3a), -4 mm), (c) ((3b), -3 mm), (d) ((3c), -2 mm), (e) ((3d), -1 mm), (f) ((3e), 0 mm).
Fig. 7.9 provides representative IPFs of the B19′ phase between macroscopic strains (4a)
and (5) at the centre of the gauge length. They depict stronger [1̅ 20]B19′ and [1̅ 30]B19′ and weaker
[010]B19′ texture components. For the macroscopic strains depicted here, the maximum intensities
̅ 20]B19′ and [1
̅ 30]B19′ components increases from f(g) ~ 15 to ~17 and the [010]B19′
of the [1
increases from f(g) ~ 8 to ~14.
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(a)

(b)

(d)

(c)

(e)

Figure 7.9. Inverse pole figures along the axial/loading direction of the B19′ phase obtained from
the centre of the gauge length (0 mm in Fig. 3.1b) at macroscopic strains: (a) - (4a), (b) - (4b), (c)
- (4c), (d) - (4d), (e) - (5).

7.2 Discussion
7.2.1 Macroscopic stress versus strain response during uniaxial monotonic tension
In previous digital image correlation work undertaken in Ref. [3], two broad factors were
found to affect phase transformation during room temperature uniaxial tension: (i) grain orientation,
and (ii) test conditions such as the sample thickness-to-length ratio and the loading speed. In
polycrystalline NiTi alloys, the B2→B19′ phase transformation preferentially initiates in 〈111〉B2
orientations that are parallel to the macroscopic tensile loading direction [3, 4, 105]. Higher stresses
are needed to transform unfavourably oriented B2 grains; which results in stress fluctuations within
the macroscopic stress plateau region. In terms of test conditions, the propagation of the
transformation band is intrinsically linked to the latent heat release within the transformation band.
Insufficient heat release due to large thickness-to-length ratios and fast loading speeds results in
deformation accommodation behaviour changing from the propagation of a single inclined band to
multiple but similarly inclined bands. The latter phenomenon also results in a more homogenous
strain distribution along the entire gauge length [105].
In the present case, the predominantly 〈111〉B2 oriented grains (Fig. 7.8a) preferentially
transformed to B19′ such that a single transformation band propagates easily along the entire gauge
length. This causes inhomogeneity in strain distribution along the gauge length between the B2 and
B19′ phases (Fig. 7.3c). A 1:14 sample thickness-to-length ratio and a crosshead speed of 0.02
mm∙min-1 (corresponding to an initial strain rate of 1 × 10-5 s-1 ) suggests sufficient heat release
within the transformation band and extensive B2→B19′ phase transformation. The above is
exemplified by the ~5 vol.% of remnant B2 grains at the centre of the gauge length by macroscopic
strain (4a). These factors also result in a relatively small stress fluctuation within the macroscopic
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stress plateau region and a relatively large nominal transformation strain of 0.06401 [4].

7.2.2 The transformation band
Both previous digital image correlation work [3, 16] and the present study show that phase
transformation occurs within the propagating transformation band. Consequently, the load bearing
ability is shared between the B2 and B19′ phases in the untransformed and apparently transformed
regions, ahead of and behind the transformation band, respectively.
In this section, the micro-mechanical behaviours of both phases are discussed along the
gauge length in terms of the transformation band and the untransformed and apparently transformed
regions (Figs. 7.2, 7.3, 7.5 and 7.7). As shown in Figs. 7.2 and 7.3c, the axial lattice strain of the
(110)B2 grains in the untransformed region undergoes relaxation whereas it increases by ~1500 με
within the transformation band. In the apparently transformed region between macroscopic strains
(4a) and (5), the axial lattice strain of the ~5 vol.% of remnant (110)B2 grains records only small
increases as most of the load is borne by the B19′ grains. Generally speaking, the present results are
in agreement with Ref. [154] where small increments in lattice strain values were noted for the B2
grain families in the untransformed region when loading into the macroscopic stress plateau region
of a loading-unloading tensile test. In this regard, the stress relaxation of the (110)B2 grain family
reported in Ref. [152] may refer to the measurements obtained from the untransformed centre of the
gauge length and result from the strained B2 phase within the transformation band and apparently
transformed regions elsewhere along the gauge length. The present results are in agreement with
Polatidis et al. [142] and Schmahl et al. [153] who concluded that compared to the untransformed
region, highly strained B2 grains are accumulated in the immediate vicinity of the mobile front of
the transformation band. Such highly strained (110)B2 grains further facilitate the B2→B19′ phase
transformation by reducing the critical stress for transformation in its immediate vicinity at the
mobile band front. According to Polatidis et al. [142], this results in the continuous transformation
of neighbouring grains and propagation of a single transformation band instead of the nucleation of
new and parallel transformation bands elsewhere along the gauge length.
Compared to the untransformed region, the remnant B2 phase within the transformation band
displays higher FWHM values and corresponding increase in micro-strain and decrease in crystallite
size (Figs. 7.3b and 7.6a); indicating dislocation mediated events in the (110)B2 grains.
Consequently, it is suggested that strain accommodation is realised by a combination of slip system
activity in the B2 phase, B2→B19′ phase transformation and deformation accommodation by the
B19′ phase. Here slip activity in the B2 phase is sustained by the increased distortion stress field
at/near the B2-B19′ interfaces that in turn, is associated with lattice shear as B19′ variants grow [14,
124, 154].
The formation of B19′ grain families is studied by considering the lattice correspondence

1

This value is calculated by subtracting the macroscopic strain at the end of the elastic region from the

macroscopic strain at the end of the macroscopic stress plateau region (i.e. - the macroscopic strains (2) and
(4a) in Fig. 7.1).
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between the B2 and B19′ phases [4, 194]. In this regard, lattice correspondence was reported for the
following planes: (011)B2 -(020)B19′ , (111)B2 -(12̅ 0)B19′ , and (001)B2 -(100)B19′ [18, 194, 202]. It
is noted that the B2→B19′ phase transformation does not result in a one-to-one correspondence due
to the differences in structure factors and the multiplicity of lattice planes between the phases.
Consequently, several B19′ grain families are associated with a single family of B2 grains. For
example, in Ref. [22], the (110)B2 grain family transformed into four B19′ grain families: (020)B19′ ,
(1̅ 11)B19′ , (002)B19′ and (111)B19′ . This also rationalises the observation of several B19′ grain
families in the present diffraction patterns (Fig. 3.2). In this regard, the B19′ phase comprises a mix
of grain families that are either elastically: (i) harder (for example, (020)B19′ = 102.0 GPa, (11̅ 1)B19′
= 84.0 GPa) or, (ii) softer ((12̅ 0)B19′ = 54.4 GPa, (12̅ 1)B19′ = 65.3 GPa), than the (110)B2 grains (82
GPa). It follows that the increased axial lattice strains of the remnant (110)B2 grains within the
transformation band is the result of the transformation strain and continued load bearing due to their
interaction with elastically softer B19′ grains in their immediate vicinity. We compared the general
trends in the relative lattice strains of (020)B19′ (Fig. 7.5) and (001)B19′ from Ref. [122]. In this
study, the lattice parameter sequence a < c < b, γ ≠ 90°whereas in Ref. [122] a < b < c, β ≠ 90°was
used. Consequently, the (010)B19′ of this study and the (001)B19′ from Ref. [122] correspond to the
largest d-spacing of the unit cell and refer to the same lattice plane such that their trends are
analogous. Similar to this study, rather large variations in lattice strain values for different B19′
grain families were also noted by Schmahl et al. [153]. They attributed the observation to the stress
field build-up across the transformation band as the material tries to maintain strain-continuity.
7.2.3 Deformation accommodation within the B19′ phase
At macroscopic strain (4c) corresponding to a critical stress of ~426 MPa, the relative lattice
strains of the (12̅ 0)B19′ and (020)B19′ grain families deviate from linearity along the axial and
transverse directions, respectively (Fig. 7.4). Additionally, anisotropy in crystallite size and microstrains is observed in all B19′ grain families up to macroscopic strain (4c) (Figs. 7.6b and 7.6c).
Similar tendencies in lattice strain evolution for the B19′ phase were noted in Refs. [122,
154]. In those studies, the various B19′ grain families that formed in the macroscopic stress plateau
region recorded relative lattice strains that first increased linearly within the slowly rising
macroscopic stress region and then deviated from linearity above a critical stress. In Ref. [122], data
prior to deviation from such linearity was used to evaluate the elastic moduli of the B19′ reflections.
Several researchers [3, 122, 154] have associated the deviation from linearity to the activation of
deformation accommodation mechanisms such as elasto-plastic deformation, variant re-orientation,
twinning and de-twinning of the B19′ phase.

7.2.4 Texture evolution during uniaxial monotonic tension
The pole intensity in the IPF is related to the volume fraction of a given orientation g
following Vf(g) = ∆V(g) ⁄Vtotal = ∫ f(g) dg [203]. The present study shows that within the
macroscopic stress plateau region, the initial 〈111〉B2 fibre texture transforms to the predominant
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[1̅ 20]B19′ and [1̅ 30]B19′ and weaker [010]B19′ components (Figs. 7.8 and 7.9). Weakening of the
〈111〉B2 fibre texture (Fig. 7.8) results from its transformation to B19′ variants and the subsequent
redistribution of the local elastic stress field in adjacent grains [170, 204]. In Ref. [170] wherein a
54.1Ni-45.9Ti rolled sheet was studied during the loading stage of a uniaxial cyclic loadingunloading test, the original rolling texture component of the B2 phase was reported to weaken upon
transformation to six different B19′ variants. In the slowly rising macroscopic stress region and up
to macroscopic strain (5), the [1̅ 20]B19′ , [1̅ 30]B19′ and [010]B19′ components record increases in
maximum intensity. Similar trends were reported in Ref. [20], in which an initial [334]B2 fibre of a
56.1Ni-43.9Ti cold-drawn wire, which is ~8°deviated from the ideal [111]B2 fibre, transformed to
the [1̅ 30]B19′ fibre. Such [334]B2 → [1̅ 30]B19′ fibre transformation is further rationalised by
considering lattice shear and rigid body rotation such that the large 𝑑-spacing of (1̅ 30)B19′ planes
makes them the most favourable amongst all potential variants transformed from the (334)B2 grain
family.
Sittner et al. [4] undertook a theoretical calculation of the transformation strain required for
potential B19′ variants with respect to the starting B2 orientation and found that (110)B2 →(020)B19′
and (111)B2 →(12̅ 0)B19′ transformations result in maximum macroscopic strains of ~0.077 and
~0.10, respectively during tension. In agreement with this, a (110)B2 oriented cold-rolled 55.8Ni44.2Ti sheet subjected to uniaxial tension [22] transformed to (020)B19′ ; as the latter grain family
is preferentially aligned along the macroscopic tensile direction and accommodates the largest
transformation strain. Ye et al. [160] calculated the transformation strain in the B19′ coordinate
frame and showed that the [1̅ 50]B19′ fibre accommodated transformation strains as large as 0.10
along the axial/loading direction.
Within the macroscopic stress plateau region of this study, the 〈111〉B2 fibre transforms to
the [1̅ 20]B19′ and [1̅ 30]B19′ and [010]B19′ fibres. The latter fibres record increases in maximum
intensity (f(g)) at higher macroscopic strains in the slowly rising macroscopic stress region. It
follows that once the transformation band propagates through the entire gauge length, re-orientation
and de-twinning may be active within the B19′ phase up to macroscopic strain (5).
The rationale supporting this hypothesis is gleaned from Refs. [23, 26, 53, 156] who showed
that the macroscopic stress plateau region results from variant re-orientation and de-twinning
(mainly of [011]B19′ type-II twins). In turn, this led to the preferential increase in maximum intensity
(f(g)) of the [010]B19′ and [1̅ 50]B19′ fibres up to the end of the macroscopic stress plateau region.
Within the macroscopic stress plateau region, Liu and Xie [157] reported that the de-twinning
of 〈011〉 type-II twins is realised via atomic shear along the [011] shear direction on (111̅ ) planes.
This led to the cooperative advancement of (111̅ ) ledges along their normal directions.
Consequently, the irrational (0.7205 1 1̅ ) twin plane migrates and results in the growth of one B19′
variant at the expense of the other. Other reports on texture evolution within the macroscopic stress
plateau region state that the initial [12̅ 0]B19′ , [120]B19′ and [102]B19′ fibres rotate to the [12̅ 0]B19′
fibre which subsequently rotates to [1̅ 30]B19′ on account of B19′ de-twinning [20].
Based on the literature, further loading into the slowly rising stress region (and well beyond
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macroscopic strain (5) of the present study) may result in the following: (i) The [12̅ 0]B19′ and
[1̅ 30]B19′ components rotate to [110]B19′ when new twinning modes such as (201̅ ) deformation
twinning occur [20]. (ii) The [010]B19′ fibre rotates to [230]B19′ and/or [110]B19′ due to a
combination of slip, (001) compound twinning or (201̅ ) and (113) deformation twinning [20, 26].

7.3 Conclusions
In-situ synchrotron was used to study the B2→B19′ phase transformation in a cold-drawn
and solution-treated 56Ni-44Ti wt.% alloy during uniaxial monotonic tension. Spatially resolved
diffraction data acquired along the gauge length at five select macroscopic strains within the stress
plateau region tracked localised transformation phenomena. The results can be summarised as
follows:
1. The initial 〈111〉B2 grains, a small sample thickness-to-length ratio and a slow crosshead
speed favours the B2→B19′ phase transformation and contributes to a single transformation band
propagating through the gauge length. This also causes a relatively small stress fluctuation of ±10
MPa within the macroscopic stress plateau region and a relatively large nominal transformation
strain of 0.0640.
2. Within the macroscopic stress plateau region, the B2 phase is highly strained within the
propagating transformation band and apparently transformed regions, whereas the B2 phase within
the untransformed region is relaxed. The relative lattice strains of the B19′ grain families exhibit a
transition from the transformation band through to the apparently transformed region. The 〈111〉B2
fibre texture transforms to [1̅ 20]B19′ , [1̅ 30]B19′ and[010]B19′ ; the latter components continue to
record increases in maximum intensity up to maximum load.
3. Within the slowly rising macroscopic stress region and beyond a critical stress value of
~426 MPa, the (12̅ 0)B19′ and (020)B19′ grain families show deviations from linearity in the relative
lattice strains along the axial and transverse directions, respectively. The anisotropy in crystallite
size and micro-strains in all B19′ grain families reduces markedly.
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Chapter 8
An in-situ synchrotron study of the localised B2↔B19′ phase
transformation in a Ni-Ti alloy subjected to uniaxial cyclic
loading-unloading with incremental strains
This chapter studies the partial and repeated B2↔B19′ phase transformation in the sample
with grain size of 10 µm under loading-unloading cycles and increasing applied strains using
synchrotron. In particular, the micro-mechanical behaviour and the evolution of the B19′ texture
were detailed at characteristic deformation stages within and between the individual loadingunloading cycles.

8.1. Results
8.1.1 Macroscopic stress-strain response and the localised B2↔B19′ phase transformation
Figs. 8.1a and 8.1b present the macroscopic engineering stress-strain curves. The colour
scheme in all figures specifies each loading-unloading cycle with the squares denoting the applied
strains for diffraction measurements during loading (solid marker) and unloading (open marker). In
the following paragraphs, the macroscopic strain and local strain refer to the macroscopic axial
engineering strain and local axial engineering strain, respectively. The macro and microstructural
response of the following characteristic deformation stages were studied with respect to the loadingunloading cycles:
(1) the middle of the elastic region,
(2) the end of the elastic region or the onset of the stress plateau region,
(3) the maximum applied strain (i.e. - the end of the stress plateau region),
(4) the unloaded state of individual cycles.
In Fig. 8.1a, the elastic region of cycle C1 returned an apparent elastic modulus of 73.1 GPa
for the B2 phase (calculated between 0-300 MPa and 0-0.0037 macroscopic strain) comparable to
the reported 40-90 GPa range in the literature [122]. This is followed by a stress relaxation from
~430 MPa to ~380 MPa, which represents the onset of the stress plateau region that extends up to
the maximum applied strain. Upon unloading, the macroscopic stress-strain curve recorded: (i) a
deviation from linearity due to the difference in the elastic moduli of both the B2 and B19′ phases,
(ii) a stress plateau region and a stress increment derived from the reverse transformation of B19′→
B2 and (iii) a near-linear reduction in stress pertaining to the unloading of the B2 and retained B19′
phases and a residual macroscopic strain of 0.0148. From cycle C2 onwards: (i) the stress relaxation
and subsequent transitional stress plateau region (C2 to C4) gives way to a slowly rising stress region
(C5 to C7). (ii) Upon unloading, cycles C2 and C3 returned analogous responses to cycle C1,
whereas cycles C4 to C7 recorded only non-linear stress-strain responses. (iii) The macroscopic
stress-strain curves exhibit greater non-linearity and their shape changes from plateau type to
curvilinear elastic. (iv) Residual macroscopic strain accumulates after unloading.
To better understand the macroscopic response, we defined parameters that are represented
on the macroscopic stress-strain curve of cycle C2 and studied their evolution with respect to the
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number of loading-unloading cycles (Fig. 8.1b). In Fig. 8.1b inset, the transformation start stress
(𝜎𝑠 ) is defined as the macroscopic stress corresponding to the deviation from linearity at the end of
the elastic region [161]. The applied superelastic strain is defined as εiSE = εit - εie - εiUL, where εit, εie
and εiUL refer to the applied strain, the elastic strain (the elastic strain upon unloading) and the
residual strain, respectively for the ith cycle [118]. The ratio of superelastic strain to applied strain
is shown instead of the absolute superelastic strain to account for the slight difference in the
maximum applied strain per cycle. Fig. 8.1b shows that the transformation start stress decreases
monotonically, the superelastic strain increases from cycles C1 to C2 and then decreases
progressively.
In Fig. 8.2, the B19′ phase fraction is reflective of the extent of phase transformation
occurring at the centre of the gauge length. During cycle C1, an abrupt increase from zero (i.e. - the
untransformed state) to ~87 vol. % (i.e. - partially transformed state) is observed upon loading to
the maximum applied strain (see the last solid black square). This fraction remains approximately
constant by the mid-point of unloading (see the first open black square) and decreases to ~5 vol. %
for the unloaded state. From cycle C2 onwards, the B19′ phase fraction remains approximately
stable by the middle of the elastic region (compare the last open square of a given cycle and the first
solid square of a subsequent cycle) and increases progressively towards the end of the elastic region.
Compared to cycle C1, the B19′ phase fraction at the maximum applied strain decreases to ~50 vol. %
(C2), ~35 vol. % (C3) and ~38 vol. % (C4) and thereafter increases from ~58 vol. % (C5) to ~64
vol. % (C6) and ~66 vol. % (C7). For the remnant B19′ phase after each cycle, it accumulates and
reaches up to ~35 vol. % after unloading from cycle C7.

(a)

(b)

Figure 8.1. (a) The macroscopic stress-strain curve during uniaxial cyclic loading-unloading in
tension with strain increments per cycle. The colour scheme outlines plots of cycles C1-C7.
Squares denote the positions at which diffraction measurements were performed upon loading
(solid marker) and unloading (open marker). (b) Evolution of the transformation start stress (σS)
and superelastic strain (εSE) versus the number of cycles. In the inset, definitions of the
corresponding parameters are represented on the plot of cycle C2.
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Figure 8.2. Evolution of the B19′ phase volume fraction measured at the centre of the gauge length
versus total engineering strain. Solid marker = loading, open marker = unloading.
The evolution of the B19′ phase fraction (Fig. 8.2) with respect to the macroscopic response
(Fig. 8.1a) can be more clearly interpreted with the aid of Fig. 8.3. Here Fig. 8.3 schematically
illustrates the local strain evolution along the gauge length, at characteristic deformation stages (1)(4) (defined in Section 8.1.1) for select cycles C1-C3 and C6; which is based on prior digital image
correlation studies and spatially resolved in-situ synchrotron measurements along the gauge length
[3, 142, 205] and Chapters 5-7.
Combining Fig. 8.1a and Fig. 8.3, the elastic region is characterised by uniform local strain
along the gauge length (C1 (1)). At the end of the elastic region, the localised development of strain
concentration results in the initiation of phase transformation at the end of the parallel gauge length.
The drop in stress is associated with the full development of a new transformation band across the
sample width; whereas the stress plateau region corresponds to the expansion of such new band (C1
(2)-(3)). At the maximum applied strain (i.e. - the end of the stress plateau of C1), the transformation
band reaches the centre of the gauge length such that ~87 vol. % of B19′ phase is detected (see C1
(3) and Fig. 8.2). Upon unloading, the reverse transformation of B19′→B2 leads to ~5 vol. % of
remnant B19′ phase at the centre of the gauge length (C1 (4)).
From cycle C2 onwards, loading towards the middle and the end of the apparently elastic
region results in phase transformation favoured in the remnant/pre-existing band(s), which leads to
non-linearity in Fig. 8.1a. The corresponding B19′ phase fraction is approximately constant (C1 (4)C2 (1), C2 (4)-C3 (1)) and increases progressively (C2 (1)-(2), C3 (1)-(2)). As strain accommodation
saturates within these pre-existing band(s) (C2 (2), C3 (2)), the drop in stress and the subsequent
transitional stress plateau region correspond to the occurrence of new transformation band(s)
nucleating at: (i) the pre-existing strained transformation band front to constitute criss-crossing
patterns (C2 (3), C3 (3)), which accommodates the opposite asymmetric in-plane moment of
individual single bands with opposite inclination angle (See Refs. [205] and Chapters 5-6), and (ii)
the end of the gauge length; favoured by intrinsic lattice defects (e.g., dislocations and grain
boundaries) of the B2 phase and the stress enhancement caused by the sample geometry (C2 (3), C3
(2)-(3)) [68, 97]. It follows that such non-consecutive development of new transformation bands
leads to variations in the B19′ phase fraction detected at the centre of the gauge length (Fig. 8.2). At
cycle C6, the remnant transformation bands are distributed along the gauge length such that the
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macroscopic stress fluctuations are caused by the transformation of the remaining B2 regions
between these bands (C6 (2)-(3)). Only limited reverse transformation occurs upon unloading as a
result of the accumulated residual strain (C6 (4)). Such band evolution results in a greater nonlinearity and a change from plateau-type to curvilinear elastic stress-strain curve (Fig. 8.1a). As seen
in Fig. 8.3, following the forward/reverse phase transformation, the centre of the gauge length
comprises a mixture of (i) low-strain B2 phase, (ii) strained B2 phase, (iii) the newly formed B19′
phase and (iv) highly strained B19′ phase. As detailed in the following section, single peak fitting
and Rietveld refinement of data obtained from the centre of the gauge length is interpreted
accounting for the accompanying transformation along the gauge length and incremental strain with
cycle number.

Figure 8.3. A schematic derived from digital image correlation measurements which illustrates
the axial strain evolution (phase transformation) along the gauge length, at characteristic
deformation stages (1) the middle of the elastic region, (2) the end of the elastic region or the
onset of the stress plateau region, (3) the maximum applied strain (i.e. - the end of the stress
plateau region) and (4) the unloaded state for cycles C1-C3 and C6. The rectangle 1.0 ×0.5 mm2
signifies the beam size.

Figs. 8.4 and 8.5 illustrate the general evolution of the axial lattice strain and FWHM of the
(110)B2 , (020)B19′ and (12̅ 1)B19′ grain families, respectively, as a function of the total engineering
strain and the number of cycles. In Fig. 8.4, within the elastic region of cycle C1, the lattice strain
of the (110)B2 grain family increases linearly up to ~5100 με (Fig. 8.4a) and the FWHM values
cluster at ~0.05°(Fig. 8.4b). The subsequent decrease in the lattice strain to ~4700 με and the
concomitant stability of the FWHM values (~0.05°) signify the onset of the macroscopic stress
plateau region and stress relaxation of the B2 phase away from the transformation band. At the
maximum applied strain, the lattice strain increases to ~5500 με and the FWHM rises to ~0.12° (the
last solid square), which is reflective of the remnant B2 phase as the transformation band reaches
the centre of the gauge length. Upon unloading, the lattice strain decreases to ~700 με and the
FWHM continues to increase progressively up to ~0.14°. From cycle C2 onwards, the lattice strain
(i) increases towards the apparently elastic region, (ii) varies from ~6000 με (C2) to ~7800 με (C7)
within the macroscopic stress plateau region, as a result of transformation along the gauge length
and (iii) decreases to ~1800 με upon unloading (C3-C7). Also from cycle C2 onwards, the FWHM
decreases from ~0.14°to 0.12°within the apparently elastic region, stabilises at ~0.10°within the
macroscopic stress plateau region and is followed by a gradual increase to ~0.13°- 0.15°upon
unloading.
In Fig. 8.5, the first data points are obtained at the maximum applied strain of cycle C1
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(which corresponds to the first detection of the B19′ phase in the present experiment). The (020)B19′
and (12̅ 1)B19′ grain families exhibit similar evolution in the axial relative lattice strains as the
(110)B2 grain family (Figs. 8.5a and 8.5c). Upon loading to the middle of the elastic region, the
axial FWHM values (i) remain approximately the same (for instance compare the last open square
of a given cycle with the first solid square of a subsequent cycle) for (020)B19′ (C1 to C5) and
(12̅ 1)B19′ (C1 to C3) and (ii) increase for (020)B19′ (C6-C7) and (12̅ 1)B19′ (C5 and C7). The
evolution of FWHM with cycling indicates an increase in the plastic strain for the (020)B19′ grain
family (Fig. 8.5b) and an early saturation of plastic strain for the (12̅ 1)B19′ grain family (Fig. 8.5d).

(a)

(b)

Figure 8.4. Evolution of (a) axial lattice strain and (b) FWHM versus total engineering strain for
the (110)B2 grain family. Solid marker = loading, open marker = unloading.
Fig. 8.6 examines the characteristic deformation stages (1)-(4) (defined in Section 8.1.1)
between loading-unloading cycles, in terms of the integrated intensities, axial lattice strains and
FWHM of the lattice correspondence planes (110)B2 and (020)B19′ , given that phase transformation
is concurrent along the gauge length. The main characteristics are summarised as follows.
The two grain families show opposite evolution of the integrated intensities. In particular,
the (020)B19′ relative intensity (Fig. 8.6b) varies for the maximum applied strain and gradually
increases for the other three stages. For the (110)B2 grain family, the lattice strain (Fig. 8.6c)
gradually approaches saturation for each stage. In Fig. 8.6e, the initial FWHM value (~0.05°) of
cycle C1 is a reflection of the recrystallised state of the B2 phase. Thereafter, the FWHM rises to
higher values and remains almost constant from cycle C2 onwards.
For the (020)B19′ grain family, the axial relative lattice strain (Fig. 8.6d) for the maximum
applied strain remains roughly constant at ~-4600 με from cycles C1 to C4 then increases rapidly to
~-2500 με (C7). In contrast, this value fluctuates between loading-unloading cycles at ~-4500 με for
the middle and the end of the elastic region and ~-6500 με for the unloaded state. In Fig. 8.6f, the
FWHM shows a clear increase from C1 to C7 for each stage.
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(a)

(b)

(c)

(d)

Figure 8.5. Evolution of (a, c) axial relative lattice strain and (b, d) FWHM versus total
engineering strain for the (a, b) (020)B19′ and (c, d) (12̅ 1)B19′ grain families. Solid marker =
loading, open marker = unloading.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8.6. Evolution of (a, b) relative intensity, (c, d) (relative) lattice strain and (e, f) FWHM
versus the number of cycles for the (a, c, e) (110)B2 and (020)B19′ grain families, represented for
characteristic deformation stages (1) the middle of the elastic region, (2) the end of the elastic
region or the onset of the stress plateau region, (3) the maximum applied macroscopic strain (i.e.
- the end of the stress plateau region) and (4) the unloaded state per cycle.

8.1.2 Rietveld analysis
8.1.2(a) Crystallite size, micro-strain and phase stress
The initial crystallite size (~1200±100 nm, Fig. 8.7a) and micro-strain (~120±10 με, Fig.
8.7b) values of the B2 phase remain approximately constant up to the maximum applied strain.
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Thereafter, the transformation band reaches the centre of the gauge length and the remnant B2 peaks
start to broaden. Correspondingly, the crystallite size reduces markedly to ~90±10 nm and the
micro-strain increases to ~250±15 με. During unloading, the crystallite size remains at ~90±10 nm
whereas the micro-strain continues to increase to ~340±15 με. From cycle C2 onwards, the
crystallite size increases to ~600±10 nm within the macroscopic stress plateau region and decreases
progressively to ~100±10 nm upon unloading. The micro-strains continuously increase to reach
~550±60 με in the unloaded state. They decrease sharply to ~230±20 με at the middle of the elastic
region of the next loading-unloading cycle.

(a)

(b)

Figure 8.7. Evolution of (a) crystallite size and (b) non-uniform micro-strain versus total
engineering strain for the B2 phase. Solid marker = loading, open marker = unloading.

Fig. 8.8 shows the evolution of the crystallite size and micro-strain as a function of the total
engineering strain for the (020)B19′ and (12̅ 1)B19′ grain families. Both grain families exhibit similar
general trends; the crystallite size decreases upon unloading in cycle C1. From cycle C2 onwards,
the crystallite size decreases upon loading and turns to increase upon unloading. However, an overall
decreasing trend is observed with increasing number of cycles. For the micro-strain, a rapid increase
for cycles C2-C3 and a slight increase from cycle C4 is noted during loading to the middle of the
elastic region. This is followed by a rapid increase upon further loading up to the maximum applied
strain and a sharp decrease upon unloading.
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(a)

(b)

Figure 8.8. Evolution of (a) crystallite size and (b) non-uniform micro-strain versus total
engineering strain for the (020)B19′ and (12̅ 1)B19′ grain families. Solid marker = loading, open
marker = unloading.
Fig. 8.9 illustrates the estimated σ33 phase stresses borne by the B2 and B19′ phases as a
function of the total engineering strain. The positive values of σ33 indicate tensile stresses for the
remnant B2 and product B19′ phases. Upon loading of cycle C1, the B2 phase bears the majority of
the uniaxial tensile load until its transformation to B19′. Thereafter, both the B2 and B19′ phase
stresses recorded repeated cycles of increase upon loading within the apparently elastic region, small
rise (up to C5), rapid rise (for C6-C7) through the end of the elastic region to the macroscopic stress
plateau region and rapid decrease upon unloading.

Figure 8.9. Evolution of phase stress (σ33) versus total engineering strain for the B2 and B19′
phases. Solid marker = loading, open marker = unloading.

8.1.2(b) Texture evolution
Figs. 8.10 and 8.11 show the inverse pole figures (IPFs) along the axial/loading direction of
the B2 and B19′ phases, respectively, at characteristic deformation stages (1)-(4) (defined in Section
8.1.1) for select cycles C1-C3 and C6. In Fig. 8.10, cycle C1 (1)-(2) represent an initial 〈111〉B2
fibre texture with a maximum intensity f(g) = 6.4, which is consistent with previous studies on
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drawn and shape-set NiTi alloys [4, 73, 105, 109]. The 〈111〉B2 fibre texture corresponds to the
(110)B2 grain family whose plane normals are parallel to the axial/loading direction. The texture
after cyclic loading-unloading (C2-C6) is similar to the initial state, with a very slight decrease in
the maximum intensity around the 〈111〉B2 fibre (f(g) = ~5.0).
Stages of loading
(1)

(2)

(3)

(4)

Number of Cycles

C1

C2

C3

C6

Figure 8.10. Inverse pole figures along the axial/loading direction of the B2 phase obtained at
characteristic deformation stages (1) the middle of the elastic region, (2) the end of the elastic
region or the onset of the stress plateau region, (3) the maximum applied macroscopic strain (i.e.
- the end of the stress plateau region) and (4) the unloaded state for cycles C1-C3 and C6.
In Fig. 8.11, cycle C1 (3) indicates that the initial 〈111〉B2 fibre texture transforms to a
relatively stronger [1̅ 20]B19′ and [1̅ 30]B19′ and a weaker [1̅ 50]B19′ and [010]B19′ texture
components upon uniaxial tensile loading into the macroscopic stress plateau region. Upon
unloading (C1 (4)), all these texture components weaken with concomitant formation of an even
weaker [130]B19′ and [100]B19′ components for the remnant ~5 vol. % of the B19′ phase. Upon
cycle C2 (1), the same fraction of remnant B19′ phase yields orientations scattered around
[1̅ 20]B19′ / [1̅ 30]B19′ , [010]B19′ , [130]B19′ and newly formed [1̅ 02]B19′ and [102]B19′ . These
orientations exhibit variations in the maximum intensities with the B19′ phase fraction at stages C2
(2)-(4).
For cycles C3 and C6, the maximum intensities of the [1̅ 20]B19′ / [1̅ 30]B19′ , [130]B19′ ,
[1̅ 00]B19′ and [100]B19′ vary with different stages. In particular, for cycle C3, the [130]B19′
continues to strengthen upon loading (C3 (1)-(3)) and weakens upon unloading (C3 (4)). For cycle
C6, the [1̅ 02]B19′ and [102]B19′ develop upon loading (C6 (1)-(3)) and remain upon unloading (C6
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(4)).

Stages of loading

Number of Cycles

C1

(1)

(2)

(3)

No B19′ phase

No B19′ phase

(4)

C2

C3

C6

Figure 8.11. Inverse pole figures along the axial/loading direction of the B19′ phase obtained at
characteristic deformation stages (1) the middle of the elastic region, (2) the end of the elastic
region or the onset of the stress plateau region, (3) the maximum applied macroscopic strain (i.e.
- the end of the stress plateau region) and (4) the unloaded state for cycles C1-C3 and C6.

8.2. Discussion
8.2.1 Macroscopic stress-strain response upon uniaxial cyclic loading-unloading
In the present study, the smooth macroscopic stress plateau region (stress fluctuation of ±4
MPa) upon loading of cycle C1 suggests the ease of the B2→B19′ phase transformation propagating
progressively along the gauge length. This is favoured by the predominantly 〈111〉B2 oriented grains
(C1 (1)-(2), Fig. 8.10), a small 1:14 sample thickness-to-length ratio and a slow crosshead speed of
0.02 mm∙min-1 (corresponding to an initial strain rate of 1 ×10-5 s-1 ) [3-5, 105, 194]. Upon
unloading in cycle C1, the early reverse transformation of preferentially oriented monoclinic B19′
variants back to B2 takes place within a stress plateau region; causing anisotropic changes to the
local stress fields that hinder the reverse transformation of other variants [14, 132, 137]. The latter
variants require an increase in stress (see in Fig. 8.1a the end of stress plateau on unloading) to
overcome the residual strain surrounding them and reverse transform back to B2 [5].
According to Refs. [13, 15, 121, 205] and Fig. 8.3, the macroscopic stress relaxation and
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subsequent transitional stress plateau region for cycles C2 to C4 is commonly attributed to the
development of new transformation bands in the untransformed region. For cycles C5 to C7,
remnant transformation bands of increasing residual strains are distributed through the gauge length
such that the increasing stabilised B19′ phase lowers the transformation start stress in its vicinity
and the residual stress fields promote plastic deformation.
From a microscopic point of view, the B2→B19′ phase transformation is a shear
displacement process that occurs on specific, invariant habit planes along specific shear directions
[120]. Upon cyclic loading-unloading, several microstructural mechanisms are also involved, e.g.,
re-orientation, twinning and de-twinning of the B19′ phase, slip systems activity, generation of
lattice defects mainly in the form of dislocations and remnant thermodynamically stable B19′
variants [14, 122, 124, 154]. In particular, geometrically necessary dislocations are introduced in
order to accommodate the shape strain and the distortion stress fields associated with the lattice
shear as B19′ variants grow. Sedmák et al. [18] proposed a hybrid slip/transformation process such
that during forward loading, each time the mobile band passes through a given crystal volume,
dislocations form alongside with the mobile band and leave the particular crystal volume slightly
elongated. In Chapter 4, the electron back-scattering diffraction maps showed that upon unloading
after cyclic loading-unloading, the intragranular heterogeneity of plastic strain originates from: (i)
the B2 phase that has experienced reversible transformation, (ii) the interfaces between the B2 and
B19′ phases and (iii) the remnant B19′ variants. These dislocation activities, in turn, inhibit the B19′
variants from recovering their original configuration by dissipating the elastic strain energy
accumulated during forward transformation [122].
Correspondingly, the deformation mode changes from being localised to homogeneous along
the gauge length, macroscopic residual (irreversible) strains (degradation in superelasticity)
accumulates, a greater non-linearity arises and the shape of the macroscopic stress-strain curve
changes from plateau type (cycles C1 to C4) to curvilinear elastic (cycles C5 to C7). Upon unloading,
the lack of elastic strain energy results in limited reverse transformation such that the stress plateau
region and the increase in stress are replaced by non-linear stress-strain response from cycle C4
onwards.
8.2.2 The microstructure evolution during the localised B2↔B19′ phase transformation
The diffraction data is indicative of the local region and contains information on the internal
strain fields (load bearing) and the density of defects of grain families (obtained within the sampled
volume) therein with respect to the extent of phase transformation (phase fractions) and the external
load exerted on the bulk sample.
The changes in the FWHM values of the (110)B2 grain family (Figs. 8.4b and 8.6e) are
analysed together with the crystallite size and micro-strain of the B2 phase in Fig. 8.7. At sub-micron
scale and upon loading of cycle C1, forward transformation occurs such that B19′ variants form
within the original recrystallised B2 grains [121]. Here, we defined “active B2 region” (i.e. - the
region that transformed to B19′) in contrast to the remnant B2 matrix. As mentioned in Section 8.2.1,
the transformation process induces dislocation activities. Consequently, the crystallite size decreases

140

to a lower limit and the micro-strain increases markedly. This results in an increase in FWHM of
the remnant (110)B2 grain family. Upon unloading, the B19′ variants partially transform back to B2
(i.e. - within the prior “active B2 region”). Larger plastic strain is accumulated in the “active B2
region” than in the remnant B2 matrix, as the former experienced forward/reverse transformation
upon tensile loading-unloading. This contributes to the continuous rise in the micro-strain. As a
result, the FWHM of the (110)B2 grain family increases continuously. From cycle C2 onwards, the
generally decreasing FWHM upon loading up to the middle of the elastic region results from the
ongoing transformation of the “active B2 region” to B19′, which leads to an overall increase in the
crystallite size and a decrease in the micro-strain for the remnant (110)B2 grain family. Alternatively,
the approximately constant FWHM values within the macroscopic stress plateau region suggests
saturation of plastic strain in the remnant B2 matrix. It is seen that at this stage, the approximately
stable crystallite size dominates the FWHM evolution, albeit with an increasing micro-strain. Upon
unloading, the reverse transformed “active B2 region” contributes to an overall decrease in
crystallite size and an increase in micro-strain, and thus increased FWHM for the (110)B2 grain
family.
For the middle of the elastic region, the diffraction data was acquired at macroscopic stresses
238 ± 17 MPa for cycles C1 to C7 (Fig. 8.1a). In Fig. 8.6c, by examining the lattice strain of the
(110)B2 grain family and considering its axial diffraction elastic modulus (D(110) = 82 GPa) [206],
B2
the internal stress (σinternal = D(110)B2 × με) in these grains can be estimated as 246 MPa for cycle C1,
295 MPa for cycle C2 and 390 MPa from cycle C3 onwards, approaching the value of the forward
transformation start stress. It follows that upon loading to this stage, the highly strained B2 phase
favours transformation, which leads to the increasing non-linearity in the macroscopic stress-strain
curves and the decreasing transformation start stress in Figs. 8.1a and 8.1b, respectively.
The formation of the B19′ grain families is studied by considering the B2-B19′ orientation
relationship and lattice correspondence planes, namely (011)B2 -(020)B19′ , (111)B2 -(12̅ 0)B19′ , and
(001)B2 - (100)B19′ [4, 18, 194]. Several B19′ grain families can form from a single family of B2
grains due to the differences in structure factors and the multiplicity of lattice planes between the
phases [22, 194]. Variations in the lattice strains of different B19′ grain families were attributed to
(i) the transformation strain, (ii) the continued load bearing due to their interaction with the
corresponding B2 grains and the different elastic moduli of B2 and B19′ grain families [154], and
(iv) the strain-continuity maintained at/near the B2-B19′ interfaces [153]. The axial relative lattice
strains of the B19′ grain families at the centre of the gauge length (Figs. 8.5 and 8.6d) are comparable
to those obtained within the transformation band upon loading within the macroscopic stress plateau
region (Fig. 7.5), given that the B19′ peaks shift to lower d-spacing upon tensile loading-unloading
[18].
The changes in the FWHM and the B19′ phase fraction are analysed with respect to the
defined characteristic deformation stages. From the middle to the end of the apparently elastic region
in the macroscopic stress-strain curve, the increase in the B19′ fraction (Fig. 8.2) and FWHM (Fig.
8.5) indicates that this loading stage is actually accompanied by the occurrence of B2→B19′ phase
transformation and the development of plastic strain in the B19′ phase at the centre of the gauge
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length. Within the macroscopic stress plateau region, the constant values of FWHM and the
fluctuations in the B19′ fraction could be related to the transformation along the gauge length. Upon
unloading, the constant FWHM values indicate limited plastic strain accumulation within one cycle.
Comparing Figs. 8.6c-8.6d and Figs. 8.6e-8.6f suggests that the load bearing capacity and
plastic strain of the (110)B2 grain family saturate after early cycles. For the (020)B19′ grain family,
the load borne generally fluctuates with cycling and increases noticeably at the maximum applied
strain (cycles C4-C6); whereas the increasing FWHM values indicate that the plastic strain in the
B19′ phase increases with cycling. In Ref. [18], in-situ synchrotron diffraction was carried out on a
55.9Ni-44.1Ti wire subjected to 10 tensile loading-unloading cycles to the end of the macroscopic
stress plateau region, and it was reported that for the unloaded state, the load gradually transfers
from the B2 phase to the residual B19′ phase. Under the present loading path, the non-uniform strain
accommodation along the gauge length results in the above B19′ stress states and remnant B19′
fractions being different from Ref. [18].

8.2.3 Texture evolution
Upon the stress-induced B2→B19′ phase transformation, the transition of the initial 〈111〉B2
fibre texture to the [1̅ 20]B19′ and [1̅ 30]B19′ and [1̅ 50]B19′ /[010]B19′ components (C1 (1)-(3), Fig.
8.11) is in agreement with those reported in the literature. Upon cycling, the B2↔B19′ phase
transformation and the resultant redistribution of the local elastic stress fields in the adjacent B2
grains lead to the weakening of the 〈111〉B2 fibre texture [17, 170, 204]. The effect of external stress
on the B19′ texture can be approximated by assuming that the B19′ lattice correspondent variants
mainly form by providing maximum strain in the loading direction of individual crystallites [4, 194,
202]. Sittner et al. [4] calculated the transformation strains of potential B19′ variants appearing in
three basic orientations of B2 grains and concluded that the transformation of (111)B2 →(12̅ 0)B19′
and (110)B2 → (010)B19′ / (020)B19′ produce maximum tensile strains of ~0.10 and ~0.077,
respectively. Ye et al. [160] predicted the transformation strain in given directions in the B19′
coordinate frame using the 12 lattice correspondent variants and lattice parameters of both phases.
It was shown that the B19′ variants possess the highest (150)B19′ pole intensity along the loading
direction at transformation strain of 0.10.
From experimental aspect, a (110)B2 oriented cold-rolled 55.8Ni-44.2Ti sheet transformed
to (020)B19′ [22]; a cold-drawn 56Ni-44Ti rod with an initial 〈111〉B2 fibre transformed to [1̅ 20]B19′ ,
[1̅ 30]B19′ and [010]B19′ (Chapter 7). In these studies, the product B19′ grain families are
preferentially aligned along the macroscopic tensile direction and confirm the relatively large
transformation strains. In Ref. [20], an initial [334]B2 fibre (deviated by ~8°from [111]B2 fibre) of
a cold-drawn 56.1Ni-43.9Ti wire transformed to the [1̅ 30]B19′ fibre. It was reported that the large dspacing of the (1̅ 30) planes makes them the most favourable amongst all potential variants
transformed from the (334)B2 grain family via lattice deformation and rigid body rotation.
With cycling and increasing applied strains, [1̅ 20]B19′ /[1̅ 30]B19′ and [130]B19′ orientations
intensify upon loading and weaken upon unloading (cycle C2). [1̅ 20]B19′ /[1̅ 30]B19′ gives way to
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orientations such as [130]B19′ , [102]B19′ and [1̅ 02]B19′ upon cycles C3-C6. In particular, [130]B19′ ,
[1̅ 00]B19′ , [100]B19′ , [102]B19′ and [1̅ 02]B19′ orientations continue to strengthen for the unloaded
state. These orientations can be induced by re-orientation and de-twinning within the B19′ phase
upon repeated B2↔B19′ phase transformation and the concomitant increasing plastic strain.
Similar trends were reported for uniaxial monotonic tensile testing upon loading into the
slowly rising macroscopic stress region. In Ref. [20], it was reported that the [1̅ 30]B19′ yielded a
slight decrease in the maximum intensity at a macroscopic strain of 0.17, which indicates B19′ reorientation. Stebner et al. [17] studied a cold-drawn 55.9Ni-44.1Ti bar with initial 〈111〉B2 fibre
texture and pointed out that the formation of the B19′ variants is a result of the competition between
elastic energy minimisation and the geometric restrictions of the B2-B19′ interfaces. The former
indicates that most open packed planes ([1̅ 50]B19′ ) align with the loading direction; whereas the
latter restricts the direct transformation of the material to the elastically preferred orientations, but
results in rather non-optimal orientations such as [1̅ 21]B19′ , [2̅ 10]B19′ and [102]B19′ . In addition,
studies on strain accommodation mechanism in the B19′ phase can support the following hypothesis
in the current study. It is found that further loading into the slowly rising stress region results in (i)
rotation from the [1̅ 20]B19′ and [1̅ 30]B19′ components to [110]B19′ and [230]B19′ due to the
formation of (201̅ ) and (100) deformation twins and slip system activity and, (ii) further nucleation
and growth of (201̅ ) and (100) and possible formation of new (113) twins and dislocations [20, 26,
112, 113, 141, 157].

8.3. Conclusions
A cold-drawn and solution-treated 56Ni-44Ti wt.% alloy was subjected to in-situ uniaxial
cyclic loading-unloading combined with synchrotron diffraction. The partial and repeated B2↔B19′
phase transformations at the centre of the sample gauge length were studied with respect to the
loading-unloading cycles and increasing applied strains on the bulk sample. The results can be
summarised as follows:
1. The initial 〈111〉B2 texture, a small sample thickness-to-length ratio and a slow crosshead
speed facilitate the B2→B19′ phase transformation and contribute to a smooth macroscopic stress
plateau region. Upon unloading, the stress plateau region is associated with the reverse
transformation of preferentially oriented B19′ variants back to B2; the resultant anisotropic changes
to the local stress fields hinder the reverse transformation of other variants and an increase in stress
is required to overcome the residual strain surrounding them.
2. The lattice strain of the (110)B2 grain family and the variations in the relative lattice strains
of different B19′ grain families are affected by (i) the transformation along the gauge length, (ii)
the transformation strain, (iii) the continued load bearing of corresponding B2 and B19′ grains
possessing various elastic moduli, and (iv) the strain-continuity maintained at/near the B2-B19′
interfaces at the centre of the gauge length.
3. Load bearing and plastic strain in the remained (110)B2 grain family are gradually
saturated at early cycles; whereas plastic strain in the B19′ phase is enhanced in a cycle-to-cycle
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manner with increasing applied strains instead of within individual cycles. This results in
accumulated residual strains (degradation in superelasticity), greater non-linearity and changes to
the shape from plateau type to curvilinear elastic in the macroscopic stress-strain curves.
4. Upon loading of the 1st cycle, the initial 〈111〉B2 fibre texture transforms to [1̅ 20]B19′ ,
[1̅ 30]B19′ and [1̅ 50]B19′ /[010]B19′ texture components. Upon cycling and increasing applied strains,
[1̅ 20]B19′ / [1̅ 30]B19′ weakens whereas components such as [130]B19′ , [102]B19′ and [1̅ 02]B19′
develop. In particular, [130]B19′ , [1̅ 00]B19′ , [100]B19′ , [102]B19′ and [1̅ 02]B19′ orientations continue
to strengthen for the unloaded state.
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Chapter 9
Conclusions and recommendations
This chapter summarises the main conclusions, underlines the contributions to the original
knowledge and outlines a few suggestions for future work.

9.1 General Conclusions
9.1.1 Uniaxial monotonic and cyclic loading-unloading in tension
The following conclusions for the phase transformation characteristics and mechanical
properties of the NiTi alloy under the two types of loading conditions are made:
1. During loading in uniaxial monotonic tension and the 1𝑠𝑡 cycle in the cyclic loadingunloading, the deviation from linearity following the elastic region in the macroscopic stress-strain
curve corresponds to the initiation of the B2→B19′ phase transformation. The macroscopic stress
relaxation corresponds to the initiation of new transformation band(s) and the development of such
new band(s) corresponds to the subsequent stress plateau region. The stress plateau region upon
unloading is associated with the reverse transformation of preferentially oriented B19′ variants back
to B2; the later reverse transformation of other B19′ variants requires an increase in stress in order
to overcome the residual strain surrounding them.
2. During uniaxial monotonic tension, the favourably oriented 〈111〉B2 grains, a small sample
thickness-to-length ratio (1:18 for DIC tests and 1:14 for synchrotron measurements) and a slow
crosshead speed (1 × 10-4 s-1 for DIC tests and 1 × 10-5 s-1 for synchrotron measurements) favour
the B2→B19′ phase transformation and contribute to a single transformation band propagating
through the sample gauge length. This is reflected as a relatively small stress fluctuation of ±10 MPa
within the macroscopic stress plateau region and relatively large nominal transformation strains of
0.0640 to 0.1045.
During cyclic loading-unloading, the residual strains (degradation in superelasticity)
accumulate and the macroscopic stress-strain curves evolve from plateau type to curvilinear elastic
with greater non-linearity. These changes correspond to: (i) accumulation of retained transformation
bands with increasing local strains along the gauge length, (ii) gradual saturation of load bearing
and plastic strain in the remained (110)B2 grain family and, (iii) enhancement of plastic strain in the
remnant B19′ phase in a cycle-to-cycle manner.

3. The shear strain across the gauge width at the transformation band front varies between
extrema, which in turn, results in an asymmetric in-plane moment that causes local kinking of the
sample edges. The widening of a single inclined transformation band upon uniaxial monotonic
tension and the criss-crossing of transformation bands upon cyclic loading-unloading relieve such a
moment and help to straighten the sample edges.
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4. During loading in uniaxial monotonic tension and the 1st cycle in the cyclic loadingunloading, the maximum local axial strain rate (ε̇ M) depends on the thickness of the transformation
band(s), the number of moving band(s) and external strain rate. It shows the following
characteristics with respect to deformation stages: (i) prior to and after the B2→B19′ phase
transformation, it is homogeneous along the gauge length and is equivalent to the macroscopic strain
rate. (ii) Upon the nucleation of a transformation band, its magnitude reaches up to 40-50 times
higher than the macroscopic strain rate. (iii) The sum of ε̇ M from individual bands is one order of
magnitude higher than the macroscopic strain rate. In particular, during uniaxial monotonic tension,
the evolution of ε̇ M is generally analogous to the stages in the macroscopic stress-strain curve.
5. The remnant B2 phase is highly strained within the propagating transformation band and
apparently transformed regions, which results in a stress relaxation in the B2 phase away from the
transformation band. The relative lattice strains of the B19′ grain families vary and show a transition
across the transformation band. The observed strain states of the (110)B2 and B19′ grain families
are affected by: (i) the transformation along the gauge length and (ii) the transformation strain, the
continued load bearing of corresponding B2 and B19′ grains possessing various elastic moduli, and
the strain-continuity maintained at/near the B2-B19′ interfaces at the centre of the gauge length.
During uniaxial monotonic tension, loading into the slowly rising macroscopic stress region and
beyond a critical stress value of ~426 MPa results in: (i) deviations from linearity in the relative
lattice strains of the (12̅ 0)B19′ and (020)B19′ grain families along the axial and transverse directions,
respectively and (ii) a marked reduction in the anisotropy in crystallite size and micro-strains in all
B19′ grain families.
6. The initial 〈111〉B2 fibre texture transforms to [1̅ 20]B19′ , [1̅ 30]B19′ and [1̅ 50]B19′ /[010]B19′
texture components during the stress-induced B2→B19′ phase transformation under uniaxial
monotonic tension and the 1𝑠𝑡 cycle in the cyclic loading-unloading. Upon loading up to maximum
load, these B19′ texture components recorded continuous increases in maximum intensity. During
cyclic loading-unloading in tension and with increasing the number of cycles and applied strains,
[1̅ 20]B19′ / [1̅ 30]B19′ weakens whereas components such as [130]B19′ , [102]B19′ and [1̅ 02]B19′
continue to increase. [130]B19′ , [1̅ 00]B19′ , [100]B19′ , [102]B19′ and [1̅ 02]B19′ continue to strengthen
at the unloaded state of each cycle.

9.1.2 Effect of grain size
The effects of grain size on the phase transformation and mechanical properties of the NiTi
alloy under the two types of loading conditions are summarised as follows:

Smaller grain size corresponds to a higher interfacial energy and elastic strain energy barrier
for transformation. Consequently, such grain size results in (i) a higher transformation start stress,
higher stress level and stress-strain slope within the macroscopic stress plateau region, smaller
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complete B2→B19′ transformation strain under uniaxial monotonic tension, (ii) inferior superelastic
properties under cyclic loading-unloading and, (iii) smaller intragranular heterogeneity of plastic
deformation and residual strains.

9.2 Contributions to Original Knowledge
This study provides in-situ digital image correlation (DIC) and synchrotron X-ray diffraction
investigations on a 10 mm diameter cold-drawn NiTi rod. Two load paths (i.e. - uniaxial monotonic
and cyclic loading-unloading in tension) and two grain size conditions (in the order of 10 µm and
100 µm) were studied in detail from macro-and microscopic points of view. The original
contributions of the present study are summarised as follows:

1. The study provides experimental evidence to rationalise the evolution of transformation
band pattern (i.e. - single inclined and multiple criss-crossing patterns) in terms of a local shear
strain, on the basis that such observations are not well studied and data on shear strain is limited in
the literature. This provides insights into the mechanism of phase transformation under the applied
test conditions.
2. Schaefer and Wagner [16] performed uniaxial monotonic tensile test on a NiTi alloy and
studied the local axial strain rate at one select macroscopic strain within the macroscopic stress
plateau region. This study extends their findings by investigating the local axial strain rate
distribution throughout the whole range of strains applied during the two types of testing. In
particular, the maximum local axial strain rate per time step was extracted for the first time and its
feasibility to describe the direction and extent of the localised transformation was confirmed.
3. This study combined in-situ synchrotron X-ray diffraction investigation with strain field
characterisation using DIC of the NiTi alloy under cyclic loading-unloading. Until now, the data on
the cyclic loading-unloading of superelastic NiTi alloys is limited in the literature due to the
diffraction setup (such setup restricts data acquisition to small volume at the centre of the sample
gauge length) and the complexity of the partial and repeated B2↔B19′ phase transformation.
4. This study for the first time compares the macroscopic stress-strain response of the
recrystallised NiTi alloy with 10- and 100-micron grain sizes. The differences in mechanical
response and microstructure due to grain size were explained in terms of energy barrier for
transformation.
5. Since the majority of in-situ diffraction measurements to-date are performed at the centre
of the sample gauge length, the localised B2→B19′ phase transformation was not well tracked. In
this regard, this is one of the first studies that explored such phase transformation along the gauge
length using diffraction. In addition to the reported studies [19, 21] wherein diffraction data was
acquired along the gauge length at one select macroscopic strain within the macroscopic stress
plateau region, this study acquired spatially resolved diffraction data along the gauge length at five
select macroscopic strains within the stress plateau region. This visualises the localised
transformation phenomena in terms of transformation band, untransformed and apparently
transformed regions and enables comparing the micro-mechanical behaviour of individual regions.
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6. This is one of the few studies [17, 20, 22] that reported the evolution of texture in the
stress-induced B19′ phase under the applied loading conditions, which contributes to understanding
the strain accommodation mechanisms accompanying phase transformation.

9.3 Suggestions for Future work
In this study, in-situ characterisation techniques such as digital image correlation and
synchrotron X-ray diffraction were adopted to study the macroscopic strain fields and micromechanical behaviour (lattice strains and peak width of individual grain families, phase volume
fractions, texture of the sample region), respectively, of the NiTi alloy under the two proposed test
conditions. On the other hand, microstructure characterisation was only undertaken ex-situ before
and after the applied mechanical testing using optical microscopy, TEM and EBSD. In the literature,
a detailed information on the dislocation defects and remnant B19′ phase after mechanical testing
was provided by TEM studies. However, it is argued that such information is of a little help in
understanding the macroscopic response of the material, which is due to the continuous
microstructure evolution upon continuous tensile loading or successive loading-unloading cycles
[18, 207]. Therefore, in the future, in-situ TEM and EBSD should be coupled with mechanical
testing in order to correlate the microstructure evolution with the macroscopic response.
In this study, only the 10 µm samples produced continuous Debye-Scherrer rings whereas
the 100 µm samples yielded discrete diffracted spots on the detector image plate, which precluded
comparing the micro-mechanical characteristics in terms of grain size. This is due to the incident
beam size comparable to the coarse grain size. It is suggested to carry out synchrotron studies on
the 100 µm samples with modified diffraction configuration [153], in order to compare the micromechanical behaviour with that from 10 µm grain size condition.
In the literature, constitutive models of the superelastic behaviour of NiTi alloys have been
implemented in finite element (FE) analyses to simulate the material macroscopic response [13, 208,
209]. Current results on shear strain distribution suggest future FE modelling on shear strain, its
effect on the transformation band patterns and its relation with the sample cross section area-togauge length ratio. On the other hand, the Elasto-Viscoplastic Self-Consistent (E-VPSC) model can
be extended to simulate the micro-mechanical behaviour of NiTi alloys. The lattice strains, phase
fractions and texture data obtained from the in-situ synchrotron diffraction measurements can be
used to inform the development and validation of the E-VPSC model. This in turn will allow a more
in-depth understanding of the microscopic deformation mechanisms in NiTi alloys and their effect
on the bulk mechanical response and texture evolution under various loading modes [210].
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